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BSFC
NOM ENCLATURE 
Brake Specific Fuel Consum ption
Calibration The process of adjusting an instrum ent to a zero baseline and 
full-scale span
CRT Cathode ray tube (com puter m onitor display)
EPA Environmental Pollution Agency
g or gm Grams
H .SO , Sulfuric acid
M apping Using a test matrix to determ ine oil consum ption for various 
engine load and speed conditions
MS-DOS M icrosoft Disk O perating Software - operating system  soft­
ware for the Dell (IBM  com patible) m icrocom puter
N 2
Nitrogen
NO Nitrogen monoxide
0 , Oxygen
OCONSAC Oil CONSumption A cquisition Software
PEC The Product Engineering Center of Deere & Com pany located 
in Waterloo. Iowa
RAM Random access memory
Referee engine An engine with detailed em ission records that is used periodi­
cally to verify em ission tests
S Sulfur
SAE Society of Automotive Engineers
SD Standard deviation
s° 2 Sulfur Dioxide
SO.J Sulfur Trioxide
so, Sulfate, a salt or ester
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UNI
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C alibrated instrumentation to a know  input 
Southw est Research Institute
An elem ent or substance in engine lubricating oil that 
equally distributed and can be accurately  measured
U niversity o f Northern Iowa 
A calibrated  zero baseline representing zero input
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
OIL CO N SU M PTIO N  M EA SU REM EN TS O F A PR O D U C TIO N  
ENGINE USING TH E SU LFU R-TR A CE M ETH O D
An Abstract o f a D issertation 
Submitted 
In Partial Fulfillm ent 
o f  the Requirem ents for the Degree 
Doctor o f Industrial Technology
Approved:
Dr. Ervin A. D ennis, Com m ittee C hair
. C77
tC/John W. Som ervill 
/an o f the G raduate College
Verlyn Royal Benson 
University of N orthern Iowa 
July 1998
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
ABSTRACT
C ontrolling the oil consum ption of diesel engines is im portant for custom er 
satisfaction. Existing oil consum ption measurement methods are adequate: however, 
im proved m ethods offer the possibility o f faster and more com prehensive results. The 
sulfur-trace m ethod is an exam ple.
M ajor objectives o f this investigation were to adopt a sulfur-trace analyzer for oil 
consum ption m easurem ents, to im prove the oil consumption m easurem ent process, and to 
dem onstrate application o f the sulfur-trace instrum ent to individual cylinder sampling.
To achieve these objectives, four research questions were applied:
1. W hat procedures and attention to detail are required?
2. How can results be reported to maximize data interpretation?
3. How do the advantages of the sulfur-trace m ethod com pare w ith
the drain-and-w eigh m ethod?
4. W hat is recom m ended as an optimized test m ethod?
A ddressing Research Question 1 required careful attention to num erous parts o f 
the sulfur-trace instrum ent. These parts included: (a) insulating and heating the exhaust 
sam ple lines, (b) ensuring continuous and proper operation o f the ozone generator, (c) 
controlling the precise flow rate o f  the sample, and (d) rem oving excess w ater from the 
sam ple.
A ddressing Research Q uestion 2 required a strip chart recorder, a spreadsheet 
tem plate, and a chart tem plate to organize, record, and report data. The strip chart 
recorder provided a backup analog record and a means to docum ent daily activity. Raw 
data w ere entered into a spreadsheet for subsequent analyses required for chart reporting.
A ddressing Research Q uestion 3 included a  com parison o f sulfur-trace vs. drain- 
and-w eigh m ethod durations and capabilities. After optim ization, the sam e oil
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
consum ption results were collected in 10 minutes using the sulfur-trace m ethod as 
com pared with the 100 hours required for the drain-and-w eigh m ethod. M ore 
im portantly, the sulfur-trace method may be used to collect oil consum ption data from 
each individual cylinder, which is not possible by the drain-and-w eigh m ethod.
To address Research Question 4. the oil consum ption test m atrix w as evaluated. 
The original test m atrix included data from every cylinder for several load and speed 
conditions. This required more than one week o f  testing. A series o f  five engine test 
points, rather than 25, was found to be sufficient for m apping the oil consum ption o f 
m ost engines.
In conclusion, accurate oil consum ption data was obtained when sam ple lines 
w ere properly wrapped, the ozone generator operated properly, the capillary  tube was not 
plugged, and there was no excess w ater in the sam ple path. Excel® and D eltaG raph®  
tem plates w ere found to be an efficient means o f recording and reporting oil consum ption 
data when used in conjunction with the strip chart recorder. The follow ing five tests were 
found to be sufficient for mapping the oil consum ption for most engines: rated load at 
rated speed, no load at rated speed, full load at peak torque, no load at peak torque, and 
no load at idle.
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1C H A PTER  1 
IN TRO DU CTIO N
C ustom er satisfaction with an engine depends on many factors. O ne o f the most 
im portant factors is that o f  oil consum ption. Significant effort is m ade by engine 
m anufacturers to ensure that oil consum ption is within accepted industry  limits. Thus oil 
consum ption m easurem ent is an inherent part o f engine developm ent and results in 
considerable research and  developm ent by num erous experts to ensure custom er 
satisfaction. In addition, increasingly stringent standards for heavy-duty  diesel exhaust 
particulates have made it im portant to m onitor and limit oil consum ption.
M ost oil consum ption testing currently consists o f the drain-and-w eigh method 
and the fuel-to-oil ratio. A m inim um  of 100 hours o f testing is required  for each method 
to estim ate oil consum ption.
Prior to 1988, there were no federal standards for particulate em issions from on­
road heavy-duty diesel engine operation. In 1988, particulates were lim ited, according to 
the Code of Federal Regulation (1995), to 0.6 gram s per brake-horsepow er hour (gm/ 
BHPhr). From 1991 to 1993, particulates were lim ited to 0.25 gm /B H Phr, and beginning 
in 1994, particulates were lim ited to 0.1 gm /B H Phr (Code o f Federal Regulations, 1995). 
Since approxim ately 20% of exhaust particulates are caused by engine lubricating oil 
(Ariga, Sui, & Shahed, 1992), it is im portant to be able to m easure oil consum ption in an 
efficient, accurate, and repeatable manner.
Purpose
Cooperative research between industry and universities is m utually  beneficial, as 
was dem onstrated during the subject program . Financial support w as provided from 
D eere & Com pany for one graduate student and the laboratory equipm ent needed for
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
research. The graduate student, in designing the dissertation project, com pleted work that 
was beneficial to engineers at Deere & Company. Specific objectives of the research 
project were to:
1. M odify a sulfur-trace analyzer system  for determ ining oil 
consum ption o f diesel engines in an industrial setting.
2. D evelop a series o f tests to gain a better understanding of how to 
utilize the sulfur-trace system  for m easuring diesel engine oil consumption.
3. Verify how the sulfur-trace instrum ent can be used to locate the oil 
consum ption source in diesel engines.
Problem
A lthough num erous researchers have proven that the sulfur-trace instrument can 
be used to accurately m easure diesel engine oil consum ption, these tests have been 
conducted only in a controlled research environm ent. To be useful in an industrial 
setting, the sulfur-trace instrument needs m inor m odifications and enhancements to make 
it practical for use on a continuous basis. A fter the instrum ent was modified, the two 
problem s addressed by this research study were to:
1. Refine the sulfur-trace testing process for daily use in an industrial 
environm ent.
2. Develop an efficient m ethod of recording and reporting oil 
consum ption data.
Research Q uestions
Since this m ethod has been successful for m easuring oil consumption in a 
research laboratory, the objective o f the current investigation was to modify the 
equipm ent and m easurem ent technique for an industrial environm ent. Based on the
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3findings o f other researchers and  initial tests conducted by the author, the following 
questions were designed as the basis o f this research:
1. W hat procedures and attention to details must be observed while 
collecting sulfur-trace data?
2. How can sulfur-trace experim ental data be recorded  and reported 
graphically in an efficient m anner?
3. How much tim e and data are required to com pare and contrast oil 
consumption by the sulfur-trace m ethod as com pared to the drain-and-w eigh 
method?
4. W hat is a good  exam ple o f mapping engine oil consum ption ?
Significance of the Research
Oil consum ption testing  is conducted routinely on prototype engines, new 
production engines, and used engines from field tests or custom ers. Current oil 
consumption methods require days o f testing, and each test generates one numerical 
measurement which refers to only the total engine oil consum ption. The sulfur-trace 
method is capable of generating total engine oil consum ption in just a few minutes. 
Moreover, it allows the im m ediate option of further testing to localize the principle 
area(s) of oil consum ption, w hile requiring no special equipm ent, safety precautions, or 
disposal procedures.
Before engine m anufacturers place a new engine design into production, 
prototype tests are conducted which include oil consum ption m easurem ents. W hen an 
engine exhibits high oil consum ption, the problem must be localized to a  com ponent or 
design that can be changed o r m odified. A fast and accurate testing method is needed to 
determine the cause o f high oil consum ption and to assist engineers in determining the
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4appropriate com ponents (such as valve stem  seals, rings, liners, and pistons) to be used in 
the final engine design.
Once a new engine design goes into production, oil consum ption must be 
m easured from numerous engines to determ ine the mean oil consum ption of that 
particular design. This becom es the standard o r reference oil consumption to which 
custom ers and repair shops can com pare sim ilar engines. Periodically, used engines are 
tested after hundreds or even thousands o f  hours o f use. These tests include engines from 
test sites and customers. W hen an engine is discovered to have excess oil consum ption, 
tests are needed to determine the oil consum ption source.
Lim itations
This research required the use of num erous diesel engines, a dynam om eter test 
cell, a test cell operator, and m onths o f testing. Since Deere & Com pany provided 
funding for this research, the following lim itations apply to this study:
1. The study was limited to available engines provided by Deere &
Company.
2. Oil consumption m easurem ents conducted by the author were 
lim ited to the sulfur-trace method.
A ssum ptions
This study was based on the findings o f other researchers who have provided 
many insights into the understanding o f the sulfur-trace method. These researchers have 
shown that it is the sulfur portion o f engine lubricating oil that is actually m easured in 
determ ining oil consumption by this m ethod. Since there was not sufficient tim e to test 
oil variables, this study was based on the follow ing assumptions related to the engine 
lubricating oil:
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51. Sulfur is equally  d istributed in the oil and rem ains in the sam e 
proportion throughout the testing  period.
2. Engine oil consum ption characteristics rem ain constant during 
steady-state testing.
3. C ertificates o f  analysis for sulfur content are accurate for 
calibration gases, fuel, and oil.
4. Exhaust su lfu r is not lost before it reaches the sulfur detector.
Definitions
Because som e of the term s used in this proposal are technical term s, an 
abbreviated list o f definitions are included. This list o f term s will help to clarify their use 
in the context o f this research:
A ntek: the m anufacturer o f the sulfur-trace m icroprocessor based instrum entation 
system  and sulfur dioxide detector.
Certificate o f A nalysis: a data sheet listing contents o f product provided by the 
supplier.
D eltaG raph^: com puter graphing software.
D rain-and-W eigh M ethod: a m ethod of measuring oil consum ption by accurately 
weighing all the oil that is p laced in an engine and then subtracting the w eight of the oil 
contained in the engine after being run for a period o f time (typically greater than 100 
hours).
Engine Test Point: a specific engine speed and specific load. For exam ple, one 
engine test point that is frequently tested is full-load rated speed.
Excel0*1: a com puter spreadsheet created by the software com pany M icrosoft.
Fuel-to-Oil R atio : the ratio o f quantities of consum ed fuel and oil over a period 
o f time (typically thousands o f hours). This typically indicates that a six cylinder diesel
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o f the fuel-to-oil ratio by the engine brake specific fuel consum ption (g/kilowatt-hr.) 
indicates approxim ate oil consumption in grams per kilow att hour.
M icrocom puter: a Dell 486 personal com puter, 16MB RAM.
O ffset: a numeric value assigned to establish a baseline reference point.
Particulates: any exhaust gas material collected  on a  specified filter medium.
Rated Pow er: the am ount of power an engine is capable o f producing at its rated 
operating speed.
SO .: sulfur dioxide, used to indicate a sulfur-trace m easurem ent of oil 
consum ption.
Sulfur-Trace Instrum ent: consists o f the sulfur-trace analyzer, micro-controller, 
m icrocom puter, and stripchart recorder.
Test cell operator: a diesel engine technician who installs and operates engines in 
a test cell.
Related Research and Inform ation
During the late 1960s, Deere & Com pany applied the radiom etric (RI) method, 
patterned after the G eneral M otor’s design, to solve an oil consum ption problem. 
Engineers used this technique not only to solve a serious oil consum ption problem but to 
develop an engine that becam e the industry standard. By the m id 1970s, having solved 
their oil consum ption problem , Deere & Com pany engineers decided to discontinue the 
RI m ethod to reduce the costs of special handling procedures and apparatus.
Currently there are several sim ilar m easurem ent m ethods being used by other 
research engineers, but each method has lim itations. RI testing is still used by consulting 
engineers at R icardo North America, Incorporated, who currently use tritium as a 
radioactive tracer. The director for business developm ent at Ricardo, A. S. H. Lowe 
(personal com m unication, August 6, 1993), stated that the prim ary benefits o f the tritium
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distributed, and (c) tritium  is not present in the fuel. The drawbacks to using  a tritium - 
tracer are: (a) The tritium -tracer detector cannot respond rapidly to sudden changes or 
transients, and (b) tritium  is radioactive and must be handled with special equipm ent, 
safety precautions, and disposal procedures.
During the past 10 years, research engineers have used sulfur, a naturally 
occurring element o f oil, to act as a  tracer to study oil consumption. In 1986, researchers 
described a flame photom etric detector (FPD) sulfur-trace m ethod that they  considered 
superior to both the drain-and-w eigh m ethod and the RI method. Unlike the RI method, 
the FPD sulfur-trace m ethod is easy  to handle, but it is difficult to obtain a high degree of 
accuracy because the output from  this m ethod is nonlinear and is biased by other factors 
(M aeda, Inoue, Nakada, & H am ada, 1986).
Researchers at Ford M otor Com pany continued to develop the sulfur-trace 
method by replacing the FPD with a coulom etric cell. Butler, K om iski, Colvin, and Jary 
(1988) found that this m ethod, called  the SO, microcoulometer, resulted in oil 
consum ption precision o f “better than ±8% ” relative standard deviation. They 
determ ined that "approxim ately half o f the relative standard deviation found  in the oil 
econom y measurements was due to  engine variation and the other half due to analysis 
system  variation.” Engineers at o ther com panies also experim ented w ith the SO, method 
to measure oil consumption including: Toyota (Maeda et al„ 1986), M itsubishi (Iizumi & 
Koyama, 1986), Suzuki (Ariga, Sui, Bailey, et al., 1992), Cum m ins (W. Wen, personal 
com m unication, N ovem ber 27, 1995), M ack (S. Geyer, personal com m unication. 
September, 1994), and C aterpillar (R. Graze, personal com m unication, Septem ber, 1994).
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perfected the SO, method using a photom ultiplier analyzer and a m icroprocessor based 
instrum entation system  developed by Antek Industrial Instrum ents. Susum a Ariga 
detailed his findings at SwRI in several technical papers w hich he coauthored regarding 
the SO , method. In his paper. “Instantaneous U nbum ed Oil Consum ption Measurement 
in a Diesel Engine Using SO , Tracer Technique,” A riga (A riga, Sui, & Shahed, 1992) 
described how sulfur was used as a tracer to detect oil consum ption from an engine 
operating under various speed and load conditions.
As a result of cooperative efforts among engine m anufacturers and use of the 
SwRI sulfur-trace method, engineers at SwRI prepared a “ laboratory-brand” sulfur-trace 
m easurem ent system  specifically designed to measure diesel engine oil consumption with 
the following advantages: (a) The sulfur detector has fast response, (b) it requires no 
special handling o f m aterials or consum able items, and (c) the system  exists as the only 
m arketable “turnkey system .” This was also in com pliance w ith the needs o f engine 
manufacturers who need an oil consum ption m easurem ent system  that is convenient to 
use on a daily basis and m ust be able to produce accurate and reproducible data in a 
m inim um  am ount o f time.
As part o f their continuing efforts to understand oil consum ption, engineers at 
D eere & Company purchased a sulfur-trace system from SwRI and planned significant 
m odifications to configure the sulfur-trace instrum ent for daily use in an industrial 
environm ent. Their fourfold purpose for obtaining the sulfur-trace oil consumption 
instrum ent was to:
1. Produce accurate and reproducible oil consum ption data.
2. Produce test results quickly without special handling equipment.
3. Be able to indicate oil consumption variability o f individual cylinders.
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This constitutes the first know n instance that sulfur-trace testing has been used by 
industry on a daily basis outside o f the research lab.
Research Design and M ethodology 
The m easurem ent o f oil consum ption is com plex and the results are often biased 
by other factors. Therefore, a series of research questions was used to guide the 
researcher in reaching conclusions about the validity o f the sulfur-trace m ethod of 
measuring oil consum ption.
The critical com ponent(s) o f each new  consum able, such as fuel, oil, and 
calibration gases, were verified as usable according to the corresponding certificate of 
analysis or an independent laboratory analysis. An understanding of the physical 
principles o f the sulfur-trace technique is the foundation o f this research.
Although o ther researchers have docum ented the sulfur-trace theory o f operation, 
this research also addressed the changes that have been made to make the instrum ent 
usable on a continuous basis in an industrial environm ent. The research findings list 
precautions and notew orthy attentions to detail in the setup and calibration o f the sulfur- 
trace instrument. Experience gained during the initial testing process was used to 
develop a spreadsheet w hich was later linked to autom ated charting software for efficient 
analysis o f test results.
W hen testing som ething as dynam ic to m easure as oil consum ption, som e 
variability is anticipated even though the test operating conditions are the sam e. 
Therefore, replicate testing w as performed to verify both the sulfur-trace and drain-and- 
weigh methods. The results o f these tests w ere com pared and observations recorded. 
Repeat tests of specific engine testpoints w ere com pared to determ ine the precision of 
both the sulfur-trace m ethod and the drain-and-weigh.
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Research Schedule
The foundational research for this project began in Septem ber 1994 through the 
UNI assistantship granted by D eere & Company and continued to A ugust 1996. 
Additional knowledge was gained through an internship com pleted during the UNI 1996 
Spring Sem ester at the John Deere Product Engineering Center. The final phases of this 
research were com pleted during the last eight months o f 1996. with docum entation and
writing com pleted during 1998.
M ay 1996 Prelim inary com m ittee review
M ay 1996 Literature review  com pleted
June 1996 Prepared detailed research procedure
June 1996 Collected prelim inary data
July 1996 Revised and im proved testing procedure
Aug. 1996 C ollected data to verify improved procedure
Sept. 1996 Com m ittee approval o f proposal
Sept. 1996 Collected data
June 1997 A nalyzed data
July 1997 Prepared summary, conclusions and recom m endations
Feb. 1998 Com pleted dissertation writing
Mar. 1998 Corrections
M ay 1998 D issertation presentation and defense
M ay 1998 A pproval o f dissertation by the advisory com m ittee
Project Budset
In diesel engine research o f this nature, high expenses are typical. In consulting 
with personnel at Deere & Com pany, project costs were established according to typical 
billing rates for similar tests conducted either at Deere & Com pany or at other research 
facilities. The project budget o f $628,265 is detailed in Appendix A.
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Chapter Titles
This research dissertation is divided into five chapters. These chapters, listed with 
page num bers, are found in the Table o f Contents o f this dissertation:
I. Introduction
II. Review of Literature
III. Research D esign and M ethodology
IV. Presentation and Analysis o f Data
V. Summary, Conclusions, and Recommendations
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CHAPTER 2 
REVIEW  OF LITERATURE 
Throughout the developm ent of the diesel engine, m anufacturers have funded 
numerous studies and conducted thousands of tests in their search for ways to control the 
em issions o f diesel engines. Since all diesel engines em it a range o f pollutants which are 
subject to legislative lim its, many of these studies have received international attention. 
The current m ovem ent tow ards a global marketplace with international outsourcing has 
placed increasingly high dem ands on all participating engine m anufacturers to limit 
exhaust em issions.
Historically, m uch o f the research has been directed at reducing diesel particulates 
o r “smoke” em issions through the exhaust pipe or stack. For many years, it has been 
known that particulates consist primarily of particles of carbon (soot) that have absorbed 
a range o f hydrocarbons. It was assumed that particulate form ation was largely due to the 
incomplete oxidation o f fuel, and therefore the majority o f research centered around the 
im provem ent o f fuel com bustion. Only more recently have researchers taken a closer 
look at the absorbed hydrocarbons and found that some are derived from unbum ed oil 
(Hilden & Mayer, 1984). Thus, since engine lubricating oil contributes to exhaust 
em issions, it is clear that an efficient and accurate means o f m easuring oil consum ption is 
needed to aid researchers in reducing the am ount of engine lubricating oil that enters the 
com bustion cham ber. Unfortunately, published articles dealing directly with the 
measurem ent o f oil consum ption are relatively few due to confidentiality practices.
Research as Reported in Journals 
To the casual or inexperienced researcher, it w ould seem  that there would be 
numerous articles published about the methods o f m easuring oil consum ption. However, 
due to the com petitive nature of the engine m anufacturing industry and the high cost of
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
13
engine research, most studies have been conducted by em ployed engineers o r 
com m issioned researchers. This practice has resulted in numerous studies w hich are 
proprietary and the results remain confidential. Therefore, it should not seem  surprising 
that the prelim inary search o f library com puter databases resulted in not one article 
dealing with the measurement of oil consum ption, even though the search consisted in 
checking m ore than 17.000 m ulti-disciplinary journals.
A cadem ic Journals
EBSCO host, an acronym  for the Elton B. Stephens Com pany based in 
B irm ingham , Alabama, is an on-line com puter inform ation service that indexes more than 
3,200 periodicals, journals, and m agazines. Excellent coverage o f scholarly journals is 
provided in the Humanities, Social Sciences, Business and Econom ics, and General 
Science literature. ERIC is a sim ilar com puter CD index to over 775 educational related 
journals. Unfortunately, it was found that neither o f these academic inform ation 
databases contained a single article about the measurement o f oil consum ption between 
the dates o f 1984 and 1997.
Business / Industry Journals
The W ilson CD-ROM  Index is a m ulti-disciplinary database which is updated 
m onthly to include electronic database indexes. Among these various indexes is H. W. 
W ilson’s R eaders’ Guide index which covers over 240 English-language periodicals and 
the A pplied Science & Technology Index which covers over 390 English-language 
science, trade, and technology periodicals. A lthough the Applied Science &  Technology 
Index covers a vast range of subject areas, including aeronautics and space sciences, 
artificial intelligence, chemistry, com puter technology, construction, engineering, 
geology, m arine technology, neural netw orks, robotics, telecom m unications, and waste 
m anagem ent, a complete search o f these indexes for journal articles on the subject o f oil 
consum ption measurements revealed no published article.
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Published Books
An exhaustive research o f Iow a’s university library services resulted in no books 
dealing with the measurem ent o f  oil consumption. The search was broadened to include 
m ajor research libraries at universities with engineering departm ents such as: Milwaukee 
School of Engineering, the U niversities o f W isconsin at M adison and Stout, the 
Universities of M ichigan at Flint and Dearborn, M assachusetts Institute o f Technology, 
University of Pittsburgh, University of M ississippi. Texas A gricultural and Mechanical 
University, University o f Houston, Oregon State University, the U niversity o f California 
library network system, Hong Kong University of Science & Technology, and Royal 
M elbourne Institute of Technology. Not one of these libraries contained  a single 
published book dealing with the measurem ent of oil consum ption o f diesel engines.
Amazon.comSM is a book retailer operating on the internet which offers over 2.5 
million titles—“more than 14 tim es as many as the largest chain superstores” (http:// 
www.amazon.com). Even though it is advertised as “Earth's B iggest Bookstore,” a title 
search for books dealing with the measurement of oil consum ption yielded no titles.
Textbooks. The catalogs o f numerous textbook publishers were searched by 
subject for a textbook containing reference to a m ethod of m easuring oil consumption. 
Since no library contained a single book about the subject, it should  not be surprising that 
a textbook was not found either. The following is a partial list o f  publishers consulted:
SciTech Publishing, Inc.: scientific and technical publications with particular 
stress on advanced engineering texts and references at the post-baccalaureate level.
PWS Publishing Com pany: engineering and com puter science textbooks for high 
school and higher education markets.
Franklin, Beedle, and Associates: college textbooks for com puter science and 
engineering.
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John Wiley and Sons: Business, Engineering/Com puter Science, M odem Lan­
guage, Science/M athem atics, and Social/Behavioral Science textbooks.
Discovery Press: engineering college textbooks.
Morgan Kaufm ann Publishers: professional books, references, and textbooks in 
com puter science, engineering, and information technology.
Jain Publishing Com pany: diversified publications including general trade and 
undergraduate level textbooks.
W olters-Noordhoff: textbooks for primary education, general secondary educa­
tion, vocational education, tertiary education, and adult education.
Weidner & Sons Publishing: higher education textbooks and reference books.
University Science Books: academic books in astronom y, biology, chemistry, 
earth and environm ental sciences, physics, and technical writing.
South-W estern Educational Publishing: secondary and college entry level text­
books that emphasize the practical applications o f the subject; career development texts 
are also available.
G lencoe/M cG raw-H ill: textbooks from elem entary through post-secondary, adult 
education materials, and  vocational training materials.
Reference books. G reat Lakes Press is a publisher o f engineering reference 
handbooks, but as with num erous other publishers, none of the technical reference books 
were found to be o f m ajor value in the study of oil consum ption measurement. Although 
the catalogs of many o ther publishers were also searched, no reference books were found 
to specifically aid this research.
A few general reference books were found to be useful in a limited o r specific 
instance in understanding details o f this research. These include: The Handbook of 
Chemistry, John D eere S tandard JD S-G 168 (internal publication), Handy Engineering 
D ata (Hoffman Air & Filtration Systems, East Syracuse, New York), and Engineering 
Assistant (Green M ountain Software).
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C onference Proceedings
The formal process of publishing journals, books, textbooks, and  especially 
reference books is generally quite long when com pared to conference proceedings. 
C onferences are ideal for discussing new technologies and developm ents since the 
presenters are typically recognized as being experts in their field o f study o r research, and 
the conferences are usually held to share new ly em erging technologies. C onferences 
usually include keynote addresses on the m ajor topic, presenters who report their findings 
in form al papers, and panel discussions. Ideally, a w ell-rounded conference will bring 
together researchers and practitioners from both industry and academ ic com m unities.
A cadem ic conferences. Using the A ltaV ista com puter search engine on the 
internet, 2,258 academ ic conferences were found to exist during the past 10 years. Upon 
closer investigation, none were found that contained  inform ation relating to the 
m easurem ent o f oil consumption. A com puter search o f the Colorado A cadem ic 
Research Library (CARL) and the U nC over databases was conducted for academ ic 
conference proceedings, but no published inform ation was obtained about the 
m easurem ent o f oil consumption.
Industry conferences / meetings. The Society of Autom otive Engineers (S AE) is 
a technical and informational organization form ed to provide engineers with expertise in 
designing, building, maintaining, and operating vehicles for use on land, sea, air, or 
space. Each year, numerous conferences are held to address som e avenue o f interest 
am ong the many members of this m ultifaceted organization. A lthough m ost libraries do 
not catalog the thousands of SAE technical papers and conference proceedings, sim ple 
searches may be conducted through the custom er sales division o f SA E and the G lobal 
M obility Database. Additional databases w hich include the Engines D atabase are also 
available on CD -ROM  from SAE International Sales. Some C D -R O M  databases include
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full-text im ages o f every SAE paper published since 1994 and may be updated monthly 
o r annually.
The results o f an initial search o f SAE databases indicated that during the past 20 
years, there w ere approxim ately 90 technical papers about the m easurem ent o f oil 
consum ption. A secondary search was conducted to restrict the identified  papers to only 
those in which su lfur was used as a tracer to measure oil consum ption. Seven technical 
papers were identified during the past 11 years.
In 1986, M aeda et al. (1986), working for Toyota M otor C orporation, were able to 
report the results o f their transient oil consumption study due to a new  sulfur-trace 
method. This m ethod, called the sulfur-trace modified non-dispersive-infrared analyzer 
(NDER), was used for m easuring the oil consumption o f a  gasoline engine. This method 
was found to be faster than current oil consumption m easuring m ethods available and 
easier to handle than the radiom etric o r hydrogen-fueled method. Furtherm ore, this 
m ethod was able to produce a high degree o f measurement accuracy.
That sam e year. lizumi and Kayama (1986) at M itsubishi M otors Corporation also 
experim ented with the sulfur-trace flame photometric detector analyzer (FPD) method 
and described certain modifications that allowed the m ethod to be used for diesel engine 
oil consum ption m easurem ents. They concluded that the sulfur-trace method can 
accurately m easure oil consum ption in a shorter time than the drain-and-w eigh method. 
They also agreed with the researchers at Toyota that a sulfur-trace based m ethod enables 
oil consum ption m easurem ents to be taken during transient operation o f an engine.
Then in 1987, research was conducted at the Ford M otor C om pany (Butler et al., 
1988) where another variation o f the sulfur-trace analyzer called the microcoulom etric 
SO , m onitor was developed. By injecting a SO, standard gas into the system during tests, 
they were able to insure accurate normalization of the sam pling system  and obtain a 
precision o f better than ±8%.
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Three years later at Southw est Research Institute (Sw R I), Bailey and Ariga (1990) 
reported diesel engine oil consum ption measurements using a  sulfur-trace method. The 
exhaust sample was passed through a quartz oxidation furnace and a fluorescence 
detector to quantify SO ,. By using a carefully selected engine oil with a naturally 
occurring high sulfur content and a diesel fuel with a very low sulfur content, sufficient 
resolution was obtained to  detect the sulfur from oil consum ption w ithout being masked 
by the sulfur from fuel consum ption. A m icrocom puter was used to collect numerous 
engine and environm ental m easurem ents in order that oil consum ption could be 
calculated in real tim e. This procedure allowed direct and rapid  m easurem ent of engine 
variables including the raw  exhaust gases necessary to obtain continuous oil consumption 
measurements even during engine transients.
In 1992, researchers at SwRI and Suzuki M otor C orporation reported oil 
consumption m easurem ents o f  an automotive gasoline engine by the sulfur-trace method 
(Ariga, Sui, Bailey, et al., 1992). They concluded that this oil consum ption method was 
sufficiently sensitive and accurate for use "as a valuable engine design tool to quickly 
identify the source and  m echanism  o f oil consum ption-related perform ance and emissions 
problem s.”
That same year. Ford and Robotron Corporation researchers presented a joint 
report that confirm ed the findings o f researchers at Ford three years earlier (Colvin. 
Carduner, & Leong, 1992). The jo in t efforts of these researchers led to upgrades in the 
sulfur-trace m icrocoulom eter instrum ent for greater sim plicity and autom ation by using a 
com puter for instrum ent operation, data calculation, and storage. Subsequent tests 
showed that sensitivity and linearity were excellent, and the instrum ent was declared to 
be capable o f m easuring “oil consum ption well in excess o f  10,000 miles per quart oil.”
In O ctober o f 1992, SwRI researchers Ariga, Sui, and  Shahed (1992) reported 
their use o f the sulfur-trace technique to measure unbum ed oil consum ption in a diesel
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engine. This report expanded upon the findings o f the previous report by B ailey and 
A riga at SwRI in 1990. Their report included descriptions of som e engine and 
instrum entation changes that were necessary to adapt the sulfur-trace instrum ent to the 
diesel engine and specifications o f the engine lubricating oil and diesel fuel which were 
critical for accurate oil consumption data. T he value o f sulfur-trace oil consum ption 
m easurem ents was illustrated in graphs and charts which were derived from  num erous oil 
consum ption data points.
Related G raduate Research
Those who have pursued a degree on the graduate level with requirem ents to 
com plete a thesis or dissertation have had excellent opportunities to explore new avenues 
o f  research. Therefore, an investigation o f all known M aster’s theses and  D octoral 
dissertations was completed.
M aster’s. Only one M aster’s thesis was found that included a reference to the 
m ethod of measuring oil consumption. L. Bouke Noordzij com pleted a M echanical 
Engineering degree at the M assachusetts Institute o f Technology in 1996. and  wrote a 
thesis entitled: M easurement and Analysis o f Piston Inter-Ring Pressures and  Oil Film 
Thickness and Their Effects on Engine Oil Consum ption. His research included data 
from  oil consum ption measurements though he did not address the sulfur-trace 
m ethodology nor any other newly em erging m ethod o f measuring oil consum ption.
Doctoral. M ost research libraries contain bound indexes to d issertation abstracts. 
These indexes are generally updated every six months. Since approxim ately 45,000 new 
titles are added each year from more than 1,000 universities, the latest d issertation 
inform ation may not be available for several months. Several searches o f  these indexes 
over the past three years revealed no new research about the m easurem ent o f oil 
consum ption.
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FirstSearch is a com puter search engine created by U niversity  M icrofilms 
International (UM I). D issertation A bstracts O n-line is a new com puter database that has 
been added to the list o f F irstSearch databases. This makes it possible to be updated with 
the latest dissertation titles on a w eekly basis. The D issertation A bstracts database covers 
a com plete range o f academ ic subjects as far back as 1980 and includes dissertations 
from many European countries. Even M aster’s theses are now  being added to the new 
database. Basic search types include the author, title, keyw ord, abstract, descriptors, and 
the advisor’s name. A lthough this database was searched several tim es, no doctoral 
theses dealing with the m easurem ent o f oil consum ption were found.
Post-doctoral. N um erous searches through m any com puter databases revealed no 
post-doctoral papers o r reports that included the key words: oil consum ption 
measurement. The library catalogs of many research libraries w ere also searched but 
w ithout success.
Industry Research / M ethods / Procedures
The m ajority o f oil consum ption m easurem ent research conducted by industry 
falls into one o f three categories. First, com petition betw een engine manufacturers 
causes many internal reports o r studies to becom e confidential m aterial, making such 
information inaccessible for general research. Apart from confidential reports available 
only from Deere & Com pany, no additional oil consum ption m easurem ent research 
conducted by industry em ployees was located. Second, m any studies are conducted on a 
contractual or com m issioned basis. O rganizations such as Sw R I have been the recipient 
o f many such com m issioned studies. Specific contractual findings generally remain 
confidential, but engineers from organizations such as Sw RI m ay also pursue related 
studies and publish those findings. Som e of these findings w ere published in the form of 
technical papers by engineers at SwRI and dealt with the m easurem ent o f  oil 
consum ption. Som e o f these papers are related to the com m issioned studies requested by
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Deere & C om pany and are valuable for understanding oil consum ption measurements. 
Many of the actual reports, com m issioned by personnel at D eere & Company, were 
reviewed on a confidential basis. Third, certain trained em ployees conduct routine oil 
consumption m easurem ents on a daily basis. M any of the oil consum ption practices are 
passed from supervisor to em ployee in a verbal form with only outlines or data 
worksheets available. An exam ple of this is the non-confidential drain-and-weigh 
worksheet (see A ppendix B).
M ethods of M easuring Oil Consum ption
Currently, there are several methods being used by research personnel to measure 
oil consum ption. Even though each method has been useful to som e degree, there is no 
perfect m ethod available, as each method has its lim itations.
Drain-and-Wei eh
For decades, oil consum ption has been m easured gravim etrically. This process, 
typically term ed the drain-and-w eigh method, is conducted in accordance with a 
predefined m ethodology that is carefully followed for each engine and can be 
summarized by follow ing the basic steps.
An engine is started and  brought to its recom m ended operating temperature, 
stopped for a period of tim e (T), after which all engine oil is carefully  drained, weighed, 
and recorded on a drain-and-w eigh worksheet (see A ppendix C). W eighed oil is returned 
to the engine, and  the engine is operated at the desired load and  speed for numerous 
hours. Any additional oil that is added during the test period is w eighed and recorded. 
After the desired  test period, the engine is again stopped for the sam e period of time (T), 
and all the engine oil is drained and weighed in the sam e m anner as the first time. Any 
spilled oil is w iped up with pre-w eighed shop towels so that the w eight o f only the oil can 
be calculated. T he weights o f  any measuring containers are also recorded and subtracted
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from the w eight of all oil added to the engine, the w eight o f consum ed oil can be 
calculated.
This process, while reasonably accurate, generally requires over 100 hours of 
testing and requires accurate data notations and calculations. Furtherm ore, the resulting 
oil consum ption m easurem ent denotes only the total oil consum ed w ithout the possibility 
o f specifying a zone or locale of m ajor oil consum ption. In other words, only one 
num eric value, representing the total oil consum ption, is obtained for each lengthy test.
D rain-and-w eigh oil consumption tests are typically assumed to be accurate by 
technicians, and multiple tests are not routinely conducted. W hile some engineers 
verbally claim  that drain-and-weigh tests are accurate ±5%  SD . a review o f 20 drain-and- 
weigh tests that were repeated two or more times indicated an accuracy closer to ±13% 
(see Appendix D). Researchers at Ford M otor Com pany found that triplicate tests should 
be conducted “ in order to obtain reasonable results for routine quality assurance w ork” 
(Butler e t al., 1988). Although engineers have used the drain-and-weigh m ethod for the 
past 20 years, a better method of measuring oil consum ption is desired~a m ethod that is 
fast, accurate, easy to use, and localizes the principle area(s) or source o f oil 
consum ption.
A utom atic Oil Leveling System
In 1974, a report o f  diesel engine oil consum ption studies was presented by 
Gergel and R iester o f  Lubrizol Corporation, United Kingdom, in which they used an 
external reservoir connected to an oil scale to m easure oil consumption on a continuous 
basis. In this m ethod, a weighed reservoir o f  oil is connected to the engine oil pan 
through a sensitive float which keeps the oil at a precise level. As engine lubricating oil 
is consum ed, the float valve allows oil to enter the pan, thus reducing the w eight o f the
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reservoir tank. The weight o f the missing oil from the reservoir tank represents the 
volum e o f consum ed oil. In 1991, a set of test standards and procedures for this m ethod 
of oil consum ption measurem ent was published in the American Society for Testing and 
M aterials (A nnual Book of ASTM  Standards, 1991).
Radioactive Tracer Techniques
The use o f radioactive materials in laboratory tests has been practiced ever since 
M adame Curie isolated radium and polonium  (Schw eitzer & W hitney, 1949). D uring the 
past few decades, the radiom etric (RI) m ethod o f measuring oil consum ption has given 
researchers a more useful alternative to the gravim etric method. In this case, a m easured 
quantity o f  radioactive tracer material is added to the engine lubricating oil and then 
detected in the engine exhaust. By simple calculation, the quantity of the radioactive 
tracer found in the exhaust represents the am ount of oil consum ed. Since the RI m ethod 
depends on “counting” trace particles found in the diesel engine exhaust, sam ple probes 
may be placed at virtually any exhaust location, including individual cylinders, thus 
allow ing the source or major area o f oil consum ption to be localized.
D uring the late 1960s, research personnel at Deere 8c Com pany adapted a RI 
m ethod o f m easuring oil consumption, patterned after the General M otors design, to 
solve an oil consum ption problem with a new ly designed engine. Engineers used this 
technique not only to solve an oil consum ption problem but to develop an engine that 
became an industry standard. Unfortunately, there are many draw backs to the use of a 
radiom etric technique (see Appendix E). The high costs of special handling procedures, 
the short shelf-life of the tracer, and the disposal o f waste all contributed to m aking the RI 
technique undesirable for long term use. By the m id 1970s, having solved their oil 
consum ption problem , engineers at Deere &  Com pany decided to discontinue the RI 
method.
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D espite its draw backs, RI testing is still used by consulting engineers at Ricardo 
N orth A m erica, Incorporated, w here tritium is used as the radioactive tracer. Their work 
is in response to num erous engine and component m anufacturers who request oil 
consum ption m easurem ents for individual cylinders. In a personal com m unication 
(A ugust 6, 1993), A. S. H. Low e, director for business developm ent at Ricardo, 
acknow ledged that there are serious safety concerns that must be addressed and further 
stated that the RI technique cannot respond rapidly to sudden changes o r transients in oil 
consum ption. H owever, he also stated that the prim ary benefits o f  using the tritium- 
tracer technique are: (a) any oil and any fuel can be used, (b) the tritium -tracer is evenly 
d istributed throughout the engine lubricating oil, and (c) tritium  is not present in the fuel, 
insuring that only oil consum ption is measured.
Sulfur-Trace A nalyzers
As research engineers becam e more and more frustrated w ith the hazards, special 
handling, and bureaucratic docum entation associated with the use o f a radioactive tracer, 
they turned to o ther m ethods o f m easuring oil consum ption. Since sulfur, a naturally 
occurring elem ent in engine lubricating oil, can also be used to act as a tracer to study oil 
consum ption, exhaust sam ple probes and a sulfur detector w ere used to m easure sulfur.
Both the RI and sulfur-trace methods are based on the fact that the chosen tracer, 
w hich enters the engine along with the oil, must also exit the engine in the exhaust stream 
in a m easurable quantity  that can be calibrated to represent oil consum ption. In the RI 
m ethod, a tracer is added to the oil. In the sulfur-trace m ethod, sulfur, a naturally 
occurring elem ent in oil, is used as the tracer.
Batch m ethod. T here have been numerous techniques em ployed  to m onitor the 
concentration o f sulfur in a  sam ple probe. The sim plest m ethod consists o f collecting an
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exhaust sam ple over a period o f time (Hanaoka, et al., 1979). Unfortunately, this method 
cannot be used for real time measurements.
Flam e photom etric detector. In 1986, a sulfur-trace oil consum ption instrum ent 
was developed by M itsubishi engineers in which a flame photom etric detector (FPD) was 
used to m easure sulfur (Iizum i & Kayama, 1986). Exhaust gases were drawn through 
heated sam ple probes into a com bustion furnace where all the sulfur was oxidized to the 
form o f sulfur dioxide (SO,). The SO, then entered the FPD where hydrogen was used to 
bum  the sulfur. An optical filter was used in conjunction with a photom ultiplier to 
quantify the SO,.
N on-dispersive-infrared analyzer. Also in 1986, M aeda et al. (1986) described 
the m odified non-dispersive-infrared (NDIR) sulfur dioxide (SO,) analyzer w hich was 
able to m easure very low concentrations of sulfur in the exhaust gas. Built sim ilar to the 
FPD m ethod with heated sam ple probes and a com bustion furnace, the NDIR analyzer 
had a fast response and linear output.
Coulom etric cell. Researchers at Ford M otor Com pany continued to develop the 
sulfur-trace m ethod by using a coulometric cell. The analyzer consisted o f passing the 
hot exhaust gases through an electrochemical cell, which in turn produced a current 
directly proportional to the am ount of SO, in the exhaust sam ple. Butler et al. (1988) 
found that this method, also called the SO, m icrocoulom eter, resulted in oil consum ption 
precision o f better than ±8%  S D .
M eanw hile, engineers at other com panies also experim ented with variations of the 
SO , m ethod to m easure oil consumption including: Toyota (M aeda et al., 1986), 
M itsubishi (Iizumi & Kayam a., 1986), Suzuki (Ariga, Sui, Bailey, et al., 1992), Cumm ins 
(W. Wen, personal com m unication, November 27, 1995), M ack (S. Geyer, personal 
com m unication, September, 1994), and Caterpillar (R. G raze, personal com m unication,
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Septem ber, 1994). Additional oil consum ption studies included the use of engines built 
by Perkins, M ercedes-Benz, Mazda, Nissan, Volvo, Detroit Diesel, and Lombardini.
Five years after their initial success with sulfur-trace m easurements, researchers 
from  Ford and Robotron corporations reported an im provem ent in the coulometric cell. 
By interfacing their analyzer with a m icrocom puter for instrum ent control, data 
acquisition, storage, and analysis, the instrum ent becam e more user friendly and allowed 
data to be collected during both steady and transient engine operating states.
Pvrofluorescence analyzer. As a result o f cooperative efforts among engine 
m anufacturers and research engineers at Southw est Research Institute (SwRI) during the 
early  1990s, a “ laboratory-brand” sulfur-trace m easurem ent system  was developed to 
specifically measure diesel engine oil consum ption. The sulfur-trace method was 
perfected by using a pyrofluorescent analyzer and m icroprocessor based instrum entation 
system  sold by Antek Industrial Instruments, a com pany known for oil exploration 
instrum ents. In this method, an ultraviolet light was used to excite the SCf molecules and 
the resulting light was measured through a ruby colored lens by a photom ultiplier tube. 
The resulting output voltage was calibrated and used in a formula to calculate the real­
tim e oil consum ption.
In their paper. Instantaneous U nbum ed Oil Consum ption M easurement in a Diesel 
Engine Using SO. Tracer Technique. Ariga, Sui. and Shahed (1992) described how sulfur 
was used as a tracer to detect transient oil consum ption. The SwRI sulfur-trace m ethod 
created renew ed interest among engineers in finding a better oil consum ption m ethod that 
could be easily used by technicians on a daily basis; therefore, after SwRI engineers 
com pleted a series of tests, they offered this “ turnkey system ” for sale. The sulfur-trace 
system  provided an efficient and accurate oil consum ption measurem ent system that is 
convenient to use on a daily basis and offers the following advantages: (a) The sulfur
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detector had a fast response, (b) the m ethod required no special handling o f  m aterials, (c) 
data were accurate and reproducible, and (d) results were available in a few hours rather 
than 100 hours.
O ther Tracer M ethods
Every m ethod of measuring oil consum ption has limitations and disadvantages, 
depending on the application. Therefore, a variety o f tracer methods has been developed 
as engineers have tried to find the perfect method.
Carbon-dioxide-tracer. Researchers at the Italian National Research Council were 
able to m easure oil consum ption by using a carbon-dioxide (CO,) tracer technique (De 
Petris, G iglio, & Police, 1996). Sample probes and a quartz reactor cham ber sim ilar to 
that used in a sulfur-trace analyzer were used to condition the sample, and a NDIR 
analyzer was used for the detection o f  CO,.
Calcium -tracer. At the University o f Leeds in the United Kingdom , researchers 
were able to determ ine oil consumption through the analysis o f calcium  in diesel exhaust 
particulates (Elamir, Andrews, & Williams, 1991). The mass balance equation used to 
determ ine the calcium  is simple and requires no additional engine test work. 
U nfortunately the process o f  subjecting each sam ple and filter paper through a prescribed 
chem istry is time consum ing, making the process less than optimal for real-tim e 
m easurem ents.
Theoretical Calculations o f the Pvrofluorescence Sulfur-Trace M ethod 
In the sim plest terms, the sulfur-trace instrum ent is a SO, m olecule counter that 
indicates the am ount of sulfur in the exhaust due to the sulfur entering the engine through 
oil, fuel, and air. By subtracting the am ount o f sulfur contributed from air and fuel, the 
rem aining SO , count can be used to determ ine the oil consum ption rate from  m easured 
SO , in the exhaust. D espite the possibility that the sulfur may have changed in chem ical
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form (SO,, S 0 3, and H ,S 0 4), more than 99%  o f the su lfur is still measurable with proper 
instrum entation and precautions. By keeping track o f all quantities of sulfur that enter 
the com bustion cham ber and all sulfur that leaves, oil consum ption can be calculated.
MfSf + M0Sq + MaSa = + MQSe + MaSe (1)
Mf(Se -S f) + Ma(Se -S aj
(2)
So - Se
Mj.- = Mass fuel consumed per unit time
M0 = Mass oil consumed per unit time
Ma = Mass air consumed per unit time
Se = Sulfur fraction in the exhaust gas
Sj.- = Sulfur fraction in the fuel
SQ = Sulfur fraction in the oil
Sa = Sulfur fraction in the air
S ulfur is a natural elem ent found in m ost engine lubricating oils. During the 
process o f lubricating and cooling the engine, som e oil, and therefore sulfur, enters the 
com bustion cham ber and bums. The am ount o f su lfu r entering and leaving an engine 
must be accurately m easured to determine oil consum ption as is shown in the mass 
fraction calculation, Equation 1 (Ariga, Sui, & Shahed, 1992). This is in agreem ent with 
other researchers who derived sim ilar formulas (C olvin e t al., 1992; M aeda et al., 1986). 
The sulfur in diesel engine exhaust enters the engine from  diesel fuel (M r fuel mass, at 
Sf, sulfur concentration in fuel), lubricating oil (M o, oil m ass, at So, sulfur concentration
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in oil), and the am bient a ir (M jT air mass, at Sj( sulfur concentration in air). Equation 2 
was obtained by rearranging Equation 1 to isolate M q, w hich was the desired result of this 
measurem ent procedure.
The sulfur-trace oil consum ption m easurem ent system  consists o f four critical 
elements. These elem ents are: (a) high sulfur oil, (b) low sulfur diesel fuel, (c) a reliable, 
fast response sam pling train, and (d) a sensitive, sulfur specific, detection device (Ariga. 
Sui, Bailey, et al., 1992; A riga, Sui, & Shahed, 1992). Since sulfur can be present in the 
fuel, oil, and com bustion air, an accurate determ ination o f the sulfur content is required of 
each.
High Sulfur Oil
The engine lubricating oil used in sulfur-trace m easures must have two major 
qualifications. First, the percentage of sulfur in the oil m ust rem ain equally distributed 
throughout the testing period despite temperature changes and  oil usage, including oil 
consum ed within the com bustion chamber. Second, the quantity o f sulfur in the oil must 
be sufficiently higher than the quantity o f sulfur in the diesel fuel to insure test accuracy. 
During initial tests, Bailey and Ariga (1990) found that conventional oils spiked with a 
high sulfur com pound did not produce acceptable results. Later, they found that specialty 
oils are com m ercially available with a range as high as 1-3% weight sulfur. Satisfactory 
test results (Ariga, Sui, Bailey, et al., 1992) were obtained using the oils Lubrizol Al- 
19076-L and C hevron OR73999-9300367E. Although it w as desirable to have a high 
level of sulfur in the oil, Colvin et al. (1992) found that oil with too much sulfur must 
also be avoided because “a higher sulfur (oil) has been correlated  with increased engine 
wear.” Normal engine lubricating oil contains approxim ately 0.5-0.7% sulfur by weight. 
Low Sulfur Fuel
The sulfur content o f  standard diesel fuel was sufficiently high to com pletely 
m ask the sulfur contribution o f the oil. In order to m inim ize the interference o f sulfur
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contained in the fuel, an ultra low sulfur fuel was used in contrast to a high sulfur 
lubricating oil. Consumed fuel quantities are measured, and the calculated  quantity of 
sulfur was subtracted from the sulfur found in the exhaust, leaving only the sulfur which 
cam e from the lubricating oil. Bailey and Ariga (1990) were able to obtain excellent test 
results using 3% sulfur oil and diesel fuel that contained 10 parts per m illion (PPM) 
sulfur. Even though the sulfur content o f the test fuel was far below  the standard diesel 
fuel sulfur content of 500 PPM, the perform ance specifications o f the test fuel selected 
closely m atched standard diesel fuel. Phillips Chem ical Com pany blended an ultra-low 
sulfur diesel fuel that was suitable for sulfur-trace testing (see A ppendix F).
Summary
There are several prom inent points that may be gained from  the review  of 
literature. Since virtually all literature was published by SAE and not found in the typical 
form of literature such as reference books and popular periodicals, there are significant 
factors controlling the research o f oil consum ption measurements. In the technical papers 
reviewed, the authors addressed the need o f an oil consumption m easurem ent method that 
was fast, easy to use, and accurate. D uring the past two decades, oil consum ption 
research involving the engines built at Caterpillar, Cummins, Ford, D etroit Diesel, 
Lombardini, Mach, Mazda, M ercedes-Benz, M itsubishi, Nissan. Perkins, Suzuki, Toyota, 
Volvo, and others has been conducted to meet this need and develop a better method. 
Unfortunately the cost o f this type o f research is very expensive since an engine test cell 
including a dynam om eter is required in addition to specialized analyzers, related 
microcomputers, and the necessary personnel needed to support such research, which 
may take from months to years o f developm ent. Therefore, oil consum ption 
measurement research is limited to only those organizations w here a significant research 
budget is available, and the resulting reports are generally circulated through
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organizations such as SAE w hose libraries of technical papers and reports are readily 
available to m em bers and nonm em bers alike. Yet. this type o f literature review  is also 
frustrated by the practice o f w ithholding some studies from  public review  in order to 
protect some confidential docum ents.
The sulfur-trace m ethod has gone through several evolutions o f  change but each 
sulfur-trace m ethod was based on the fact that what goes into an engine m ust com e out o f 
the engine, and each may be measured. Various analytical m ethods were used to 
accurately m easure the quantity o f  sulfur, and each m ethod was determ ined to be faster 
and easier than the alternative or previous method. The first sulfur-trace m ethods were 
developed to m easure oil consum ption in the gasoline engine. S ince gasoline does not 
contain sulfur, any sulfur found in the exhaust could be traced directly  to the engine 
lubricating oil w ithout additional calculations. As the sulfur-trace m ethod was adapted to 
the diesel engine, changes were made to the engine instrum entation so that the sulfur 
which is naturally found in diesel fuel would not be confused  with engine lubricating oil.
Although researchers found that the sulfur-trace m ethod could  be adapted to both 
the gasoline and diesel engine, no researcher has com pleted  m ultiple tests on a consistent 
basis outside the research laboratory. Some authors even stated that additional research 
should be conducted to fully develop the potential o f this new m ethod o f m easuring oil 
consumption.
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C H APTER 3
RESEARCH  D ESIG N  AND M ETH O DO LO G Y  
The successful pursuit of postgraduate research not only requires intellectual 
aptitude and persistent determ ination but also financial support. Educational funding 
through university assistantships has been a welcom ed blessing for m any graduate 
students by granting them the financial resources to continue their education and 
providing them  an opportunity to “ learn while doing” the w ork assigned to them under 
the assistantship program.
Research Assistantship 
University research assistantships are usually lim ited by financial funding and are 
restricted to only a few graduate students. Students who receive these funds are expected 
to serve as laboratory instructors, com plete specific research, o r fulfill some significant 
task w hich benefits the university, departm ent, or faculty.
Financial Cooperation with the U niversity o f Northern Iowa
In 1994, personnel at D eere & Com pany and the U niversity o f  Northern Iowa 
(UNI) w orked in cooperation to provide financial funding for an additional assistantship 
appointm ent. Through this plan, funds from Deere & Com pany were given to the 
university to pay the annual costs o f one assistantship position. In exchange for these 
funds, one graduate student was given approxim ately 500 hours o f em ploym ent per year.
This industrial assistantship was beneficial in several w ays. It provided sufficient 
financial support to the graduate program  at UNI for one additional assistantship position, 
gave one additional graduate student financial funding to pursue post graduate work, and 
was beneficial to personnel at Deere &  Com pany who were able to assign work 
responsibilities to one graduate student.
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Although this assistantship program  was designed to function only during the 
academic school year, additional funding was offered to the graduate student during all 
academic vacations including the sum m er session. A fter com pleting one year of 
cooperative efforts during this plan, it was determ ined that the successes o f this specific 
industrial assistantship should be rew arded by continuing this plan for an additional year. 
Assistantship Responsibilities
During 1992, engineers at Deere & Com pany com m issioned a series of sulfur- 
trace oil consum ption studies to be conducted at Southw est Research Institute (SwRI), 
located in San A ntonio, Texas. As a result o f these studies, a contract was also given to 
engineers at SwRI to assem ble a fully working sulfur-trace instrum ent that would be used 
at the Deere & Com pany Product Engineering C enter (PEC). A fter technicians 
assembled the sulfur-trace instrum ent and tested the oil consum ption o f a Deere & 
Company m anufactured engine (X), the instrum ent was shipped to W aterloo, Iowa.
The assistantship responsibilities were to oversee the installation o f the sulfur- 
trace engine in an engine test cell, learn how to operate the instrum ent, and conduct oil 
consumption tests. To com plete these responsibilities, the graduate student needed to 
research technical papers and publications in which researchers and authors reported the 
measurement o f oil consum ption by the sulfur-trace method. To gain a better 
understanding of the function and operation o f critical instrum ent com ponents or 
processes, engineers and personnel from various com panies were consulted. To com plete 
the installation o f the sulfur-trace instrum ent along with its accessories and necessary 
supplies, work orders were issued on a routine basis. To collect oil consum ption test 
results, the sulfur-trace instrum ent was operated by the graduate assistant in cooperation 
with the test cell operator who was responsible for engine installation and operation.
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Research Design
This process refinem ent project was designed to learn new  inform ation about how 
the sulfur-trace method can be more effectively used in an industrial environm ent for 
m easuring the oil consum ption o f diesel engines. The four research questions stated in 
Chapter 1 (p. 3), were used as a basis for this study:
1. W hat procedures and attention to details must be observed while 
collecting sulfur-trace data?
2. How can sulfur-trace experim ental data be recorded  and reported 
graphically in an efficient m anner?
3. How much tim e and data are required to com pare and contrast oil 
consum ption by the sulfur-trace method as com pared to the drain-and-w eigh 
m ethod?
4. What is a good exam ple o f mapping engine oil consum ption ?
The review o f literature clearly indicated that other researchers had successfully 
m easured oil consum ption by the sulfur-trace method. Therefore, this study com m enced 
with an assumed hypothesis that oil consum ption can be accurately m easured by this 
m ethod under sterile laboratory test conditions. Although there are several m ethods of 
using sulfur as a tracer, the questions that remained unansw ered involved the usefulness 
of this m easurem ent m ethod outside the research laboratory.
The sulfur-trace instrum ent is a highly sophisticated instrum ent capable of 
m easuring one part o f sulfur found in more than four m illion parts o f exhaust gas. In 
order to measure with this am ount o f precision, the instrum ent m ust be calibrated  with 
special gases, and the proper operation o f the instrument m ust follow  a strict set of 
procedures. Even a slight deviation in these procedures m ay produce inaccurate data. 
W hen a repeated calibration or test did not produce the expected  result, changes were 
made in the instrument o r engine to determine why the results w ere different.
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R equired Components o f the R esearch
Diesel engine research o f this nature requires num erous p ieces o f  equipment, a 
large amount o f dedicated  space, and appropriate personnel and supplies to support 
continued testing. Since m ost universities do not have this level o f support for specific 
technical research, it was logical that this research should  be conducted  at the Deere & 
Company PEC site w hich is located only a few m inutes from  the UNI cam pus.
Equipment
In order to conduct oil consum ption testing w ith the sulfur-trace instrum ent, a 
dynam om eter and num erous pieces of test equipm ent were needed. The sulfur-trace 
instrument was calibrated num erous times each day w ith specialty  gases. These gases 
needed to be delivered to the sulfur-trace instrum ent in the form  o f gas cylinders or test 
cell plumbing. Electronic flow meters were used to m easure the rate o f  flow o f the gases. 
Fuel and oil for the engines w ere transported in special drum s and tote tanks and 
measured for sulfur content at outside laboratories. Special m onitors were used that 
included: a digital barom eter, hum idity/tem perature instrum ent, w et-and-dry bulb, 
Valadyne signal conditioners, therm ocouples, fuel w eigher, console room  instruments, 
standard gas divider, regulators, and flow meters. Special calibration equipm ent was also 
periodically used to calibrate the transducers, therm ocouples, and analog signals obtained 
from the engine o r test cell environm ent.
Research Facility
Since the sulfur-trace instrum ent is not easily portable, a test cell dedicated to 
sulfur-trace testing was needed. This test cell was d ivided into three sections or rooms. 
The largest room, referred to as the test cell, m easured approxim ately  20 x 40 feet. The 
dynam om eter and test engine were housed in this room . A console room , measuring 
approximately 10 x 30 feet, w as located adjoining the test cell so that the test cell
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operator could manage the instrum ents and data  collection while observing the engine in 
the test cell. A third room or floor space o f  approxim ately 50 square feet w as needed for 
the safe storage o f bottled gases. Inside this room , the cylinders of com pressed gases 
w ere chained to a vertical support surface so that they could not fall over and endanger 
any personnel in the area.
The A ntek sulfur detector or analyzer section o f the sulfur-trace instrum ent was 
placed in the test cell along with the engine and dynam om eter. The rem aining parts of 
the sulfur-trace instrum ent were placed inside the console or observation room . An 
additional 100 square feet o f office space w as used for sulfur-trace research and project 
m anagem ent. This office was located in a quie t portion o f the same building and was 
equipped with clim ate controlled ventilation for the com fort of research personnel. 
Com puters and Software
Two com puters were used for this research with one located at the office desk and 
one located in the console room. The office com puter was a M acintosh Ilci and was used 
to com m unicate by e-m ail, create work orders, write reports, make calculations, and 
prepare presentations. The following softw are applications were used on the office 
com puter: M icrosoft Word® 5.0, M icrosoft Excel® 5.0, PageMaker® 6.0, Illustrator® 7.0, 
Photoshop® 4.0, DeltaGraph® 4.0, Engineers Assistant®, M icrosoft PowerPoint®, and 
M icrosoft Mail®. The console room com puter, a Dell 486 PC, was used to collect, 
com pare, and store oil consumption data as well as to operate the follow ing software: 
M icrosoft Windows®, M icrosoft Word® 5.0, M icrosoft Excel® 5.0, QuickBasic®, and the 
proprietary software program  called O CO N SA C .
Test Engines
There were three engines specifically chosen for use in this research. These 
engines were chosen because of their unique characteristics. The size o f the first engine
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3 7
tested was 7.6 liters. This was the sam e engine used at SwRI for oil consum ption tests 
with the sam e sulfur-trace instrum ent that was relocated to the PEC facility. The size o f 
each o f the other engines was 8.1 liters. A lthough these were built as identical engines, 
both had numerous hours o f use. B ased on a field test using the fuel-to-oil ratio, the oil 
consum ption o f one engine was suspected as being higher than normal w hile the oil 
consum ption of the other engine was suspected as being lower than norm al.
Professional and Technical Expertise
The assembly o f the sulfur-trace instrum ent was not easy because some of the 
com ponents o f this instrum ent were unique and there was no assem bly o r  operation 
m anual available. Some o f the technicians and engineers who assem bled the instrument 
in Texas no longer worked for the sam e organization and were unavailable for advice and 
direct assistance. Therefore, during the assem bly process o f the sulfur-trace instrument, 
numerous consultations were made with personnel at Deere & Company, SwRI, Antek, 
Chevron, Phillips Petroleum, and various chem ical laboratories.
D uring Decem ber o f 1995, the researcher entered an internship program  and was 
able to spend approxim ately 300 hours devoted to the operation o f the sulfur-trace 
instrum ent. During this internship, a great deal o f knowledge and expertise was learned 
about the operation o f the sulfur-trace instrum ent and how data could be charted and 
verified. These acquired skills and new  knowledge base proved invaluable during the 
actual calibration and testing o f the diesel engines.
Physical Environment 
To ensure accurate and safe data collection, a modem industrial test cell was used 
to install and  operate the sulfur-trace instrument. This test cell was located next to 
num erous other test cells where specialized technicians were constantly available to 
maintain and repair the sophisticated test instrum ents associated with contem porary
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engine test cells. The reinforced concrete floor o f this test cell was equipped with bolt- 
down plates to safely fasten the engines and dynam ometer. Safety devices were used to 
shutdown an engine autom atically if the engine propeller shaft becam e loose, circulating 
w ater or oil tem perature raised too high, or where the oil pressure dropped too low. This 
provided a safe working environm ent for all personnel near the test cell. The test cell was 
supplied with numerous speciality gases which were plum bed directly  into the test cell, 
and a fuel delivery and m easurem ent system was used to accurately  m eter the am ount of 
fuel an engine used. Tem perature controlled w ater was recirculated  from a local pond to 
keep the engine and the dynam om eter cool. Cooling fans in the roof were used to cool 
the test cell during hot weather. To provide noise control, a special glass window was 
used between the test cell and the console room, and the test cell was equipped with 
special mufflers and exterior exhaust stacks to vent undesirable engine exhaust and noise. 
Test Cell Components
The sulfur-trace instrum ent was com posed o f three physically  distinct com ponents 
that made it possible to m easure oil consumption. These w ere the m icroprocessor based 
instrum entation system and m icrocom puter (see Figure I), A ntek sulfur analyzer (see 
Figure 2), and a two channel strip chart recorder (see Figure 3). These com ponents were 
placed in their appropriate locations inside the test cell console room  and according to the 
pictorial schem atic shown in Figure 4. The sulfur detector w as located in the test cell as 
close to the engine as possible to keep the diesel exhaust sam ple path short. The 
m icroprocessor based instrum entation system, m icrocom puter, and strip chart recorder 
were located inside the console room  for calibrations and data recording.
Several months o f work were devoted to the study o f  how  the Antek analyzer was 
used to measure sulfur. This was done so that Research Q uestions 1, 2, and 3 could  be 
answered. As a result o f this study, the sample path was found to contain three critical
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Figure 1. M icroprocessor B ased Figure 2. A ntek Sulfur Analyzer.
Instrum entation System .
T/s/fU
Figure 3. Strip C hart R ecorder w ith Sample Oil Consum ption Test Results.
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Figure 4. Pictorial Schematic of the M ajor Sulfur-Trace Components.
com ponents that were located in the test cell: exhaust sample probes, high tem perature 
sam ple valves, and the sample line pressure controller. These com ponents affected the 
procedure o f m easuring oil consum ption by the sulfur-trace method.
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Exhaust sam ple path. O ne o f the m ajor advantages o f the sulfur-trace method 
was being able to' localize the area o r source of oil consum ption. Instead of being limited 
to one oil consum ption value based on all the exhaust exiting the exhaust stack, the 
engine exhaust manifold was rem oved, and custom ized sam ple probes were inserted into 
the exhaust stream o f each cy linder for individual cylinder testing. An additional sample 
and microcom puter probe was also inserted into the exhaust stack for com paring total oil 
consum ption with that of individual cylinders.
The end of each sample probe (see Figure 5) was welded shut, and a series of four 
holes were bored into one side o f the probe. These holes were located so that they faced 
directly into the stream  of exiting exhaust to collect a representative sample. 
Therm ocouple temperature probes were also added to m onitor the tem perature of the 
exhaust exiting each cylinder. O utside of the exhaust m anifold, each o f  the sample 
probes was connected through a  series o f high temperature valves (see Figure 6 ) that 
were used to control the flow o f exhaust from each sample probe to the sulfur analyzer. 
These valves were opened and closed remotely via a series of toggle switches located 
between the m icrocom puter unit and the microprocessor unit. Periodically, pressure
Figure 5. Sampling Probe. Figure 6 . Sam pling Valves.
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and vacuum  tests were conducted to determ ine if each of these valves opened and closed 
properly.
The exhaust sample path from the sam ple probes to the analyzer was constructed  
o f stainless steel and high temperature Teflon tubing. Although this sample path was less 
than 12 feet long, any tubing that was opened  to the am bient air had a tendency to cool 
the exhaust sample inside. According to lizum i and K ayam a (1986), if a sam ple was 
allow ed to cool, moisture would condense inside the tubing, com bine with som e of the 
sulfur, and create H ,S 0 4. Thus, the am ount of sulfur which ultim ately reached the 
analyzer w ould be lower than expected. To prevent this occurrence, the entire sam ple 
line was w rapped with insulation and heated with an electric heating wire. L ove*1 
tem perature controllers were used to m onitor the tem perature o f the various heating wires 
used to heat the entire sample path.
Sam ple line pressure controller. In order for the sulfur analyzer to detect SO, 
accurately, there must be a consistent pressure and flow  rate o f the exhaust sam ple in the 
sam ple line. When the engine was operated at different test points, the pressure o f the 
exhaust inside the sample line varied. This problem  was partially solved at Sw R I by the 
addition o f a sample line pressure controller (see Figure 7). This custom  built pressure 
controller consisted of a pneum atically operated valve that could be sw itched quickly 
from fully closed to fully open. By changing the pulsations o f the valve, the average 
sam ple line pressure was maintained at a consistent value. The controller included a 
rem ote control box which allowed the operator to adjust the sam ple line pressure from 
within the console room (see Figure 8).
Sam ple line vacuum, as installed at the Sw RI facility, was m onitored through the 
use o f a m anom eter and vinyl tubing w hich was connected to a “tee” in the sam ple line 
ju st before it entered the analyzer. The actual sam ple line pressure was m onitored by
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Figure 7. Sam ple Line Pressure Controller. Figure 8 . Rem ote Controller.
w atching the m ovem ent o f fluid inside a m anom eter, and changes were made by 
adjusting the rem ote pressure controller.
In response to Research Question 1, it was determ ined that any unheated portions 
o f the sam ple line should be eliminated. Therefore, the m anom eter and vinyl tube were 
rem oved and replaced by a transducer m ounted inside the low er cabinet o f the sulfur 
analyzer (see Figure 9). Since the pyrolysis ovens w ere also located inside this cabinet 
and rem ained at 1000° C during all tests, the transducer rem ained well above the dew 
point. This elim inated any chance of water vapor form ing inside the sam ple path. By 
rem oving the vinyl tube and manometer, the volum e of space inside the sample path was 
also kept at a m inim um  to insure a direct and short path from the sam ple probe to the 
sulfur analyzer.
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The transducer was connected to a Valadyne digital display with filters added to 
average the sam ple line vacuum  so that the pulses o f the autom atic pressure controller 
were not detected. A specific sample line vacuum was established w hich could be
: r L
f
Figure 9. M ajor C om ponents of Low er Analyzer Cabinet.
maintained during all engine test points. This specific vacuum was m aintained by 
m onitoring the digital display and adjusting the remote pressure controller.
A nalyzer com ponents. The sulfur-trace analyzer consisted o f an upper and lower 
cabinet. The low er cabinet contained tw o pyrolysis ovens, a vacuum  pum p, and a 
capillary tube. The vacuum  pump was designed to draw the engine exhaust sample 
through the first oven, and then pump it to the capillary tube and a by-pass vent (see 
Figure 10). The exhaust sample that passed through the capillary tube also passed 
through the second oven and then exited the lower cabinet.
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Figure 10. Exhaust Sam ple Path.
During the first long periods o f testing, it was discovered that particles of carbon 
and quartz wool (used as the furnace filter), as used in the pyrolysis ovens, plugged the 
capillary tube rapidly, thereby reducing the sample flow rate w hich caused errors in the 
sulfur measurements. Therefore, the quartz wool was rem oved and a 30 micron button 
filter was used to prevent further plugging of the capillary tube. By keeping the sample 
path free o f carbon particles, the sam ple flow rate was easily m aintained by the capillary 
tube and pressure regulator as recom m ended by engineers at SwRI and Antek. This 
practice kept the sam ple flow rate constant regardless o f the engine test being conducted.
Since the diesel engine exhaust contained approxim ately 6 -8% w ater vapor at 
full-load rated speed, it was vitally important that all w ater was rem oved from the 
exhaust sample so that the sulfur dioxide could be detected. Any m oisture that remained 
in the sample line and condensed into water drew a portion o f the sulfur to it and 
combined to form K ,SO r  This situation resulted in sulfur rem oval from the sample. To
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Figure 11. M em brane Dryer. F igure 12. Section View of Dryer.
prevent sulfur loss, a membrane dryer was m ounted between the two cabinets and served 
to rem ove w ater vapor from the exhaust sam ple (see Figure 11). The dryer consisted  of 
multiple capillary tubes of sem iperm eable m em branes which, when surrounded by “dry” 
nitrogen, caused  the water vapor to escape through the membrane to the “d ryer” side (see 
Figure 12). D uring preliminary tests, it was found that all of the moisture was not 
rem oved with this dryer. The dryer had been m ounted to the bottom of the upper cabinet 
which was a relatively cold surface. In order to keep the water vapor above the dew 
point, the dryer was moved to the top o f the low er cabinet, a relatively hot surface, and 
covered on top by insulation to protect it from  the cooler ambient tem perature o f the test 
cell. In the new location, the temperature o f the dryer and connecting sam ple line was 
m aintained above the exhaust gas m axim um  dew  point (130° C), thus preventing w ater 
condensation and sulfur loss.
The upper cabinet of the sulfur-trace analyzer w as m aintained at a tem perature o f 
approxim ately 70° F by a self-contained refrigeration unit. Inside this cabinet were the 
ozone generator, the sulfur detector, the charcoal scrubber, and flow meters w hich were 
used to adjust the flow o f oxygen and nitrogen gases. The charcoal scrubber used to 
clean the exhaust sample that was vented into the engine test cell.
Section
view
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The sulfur detector consisted  o f a fluorochem ilum inescence analyzer designed to 
m easure the light spectrum  o f su lfur dioxide. In the analyzer cham ber, a zinc lamp, rich 
in ultraviolet rays, was used to tem porarily change the energy level of sam ple exhaust 
particles including SO,. As these particles returned to their natural energy level, light was 
em itted. A photom ultiplier tube and ruby red filter was used to m easure the range of light 
spectrum  that included SO,. U nfortunately, nitric oxide (NO) w as also found in the 
exhaust which em itted a light spectrum  that was sim ilar to SO ,. Thus, when 
uncontrolled, the analyzer m easured concentrations of both SO , and  NO which resulted 
in an inaccurate oil consum ption calculation (Bailey & Ariga, 1990). To elim inate this 
problem , the sulfur-trace analyzer contained a device that generated  ozone and caused the 
NO to oxidize to N O,. The N O , em itted a different light spectrum  that is not confused 
with the light spectrum of SO , and allow ed only the SO, spectrum  to be displayed and 
m easured.
During the first m onths o f testing, the ozone generator failed to operate properly. 
Because o f its im proper operation, several erroneous oil consum ption measurements were 
obtained. Therefore, the ozone generator was upgraded to a m ore powerful model. A 
light and pressure switch w ere also installed to “visibly” m onitor the presence of oxygen, 
necessary for the proper operation o f the ozone generator. A daptations were made to the 
sam ple line to conveniently inject NO into the analyzer and verify  the function of the 
ozone generator. A dditional flow  meters were installed at convenient locations outside 
the upper analyzer cabinet to m onitor flow rates. These changes and m odifications were 
made due to Research Q uestion 1 (p. 3).
The sulfur detector that was located in the upper section o f  the analyzer consisted 
o f a fluorochem ilum inescence cham ber, a zinc lamp, and a photom ultip lier tube which 
was calibrated by the use o f a m icroprocessor based instrum entation system  located in the
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console room. The photom ultiplier circuit produced a calibrated  voltage which 
represented the sulfur dioxide detected in the cham ber and sent the signal to both the 
m icrocom puter and strip chart recorder. The quantity o f ju s t the su lfur was calculated 
from the SO , m easurem ent by the m icrocom puter and stored in m em ory along with other 
real time engine oil consum ption data.
Console Room Com ponents
All sulfur-trace instrum ent calibrations, data collection, and data recordings were 
taken by the researcher in the console room, seated next to the test cell operator who was 
responsible for engine installation and operation. All console room  instrum ents 
pertaining to the safe operation of the engine were the responsibility o f  the test cell 
operator. The researcher was responsible for making all the adjustm ents to the sulfur- 
trace instrum ent and its accessories.
M icroprocessor based instrumentation system. The m icroprocessor based 
instrum entation system  which was manufactured by A ntek acted like a linear am plifier 
with automatic gain control to boost the voltage generated by the photom ultiplier circuit. 
The system  was adjusted daily in conjunction with the strip chart recorder for a full scale 
zero and span.
M icrocom puter. The microcomputer was prim arily used to operate the 
proprietary oil consum ption software called O CONSAC. D uring initial calibration, this 
software was upgraded to reflect the metric system o f m easurem ents in place of the 
English m easurem ents used by SwRI. Additional softw are was also used to com pare and 
display oil consum ption data.
Strip chart recorder. A two pen strip chart recorder was used to record zero and 
span calibrations, engine testpoint conditions, and test data. The analog output o f this 
recorder was used as the prim ary indication o f changes o r trends in the measurement o f 
sulfur.
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Procedure for Conducting the Sulfur-Trace Research 
The sulfur-trace instrument is a highly sophisticated instrum ent capable of 
measuring less than one part sulfur in four m illion parts exhaust gases. The operation of 
such an instrum ent requires precise calibration before accurate data acquisition can 
com m ence. Even after this instrum ent was calibrated, a sequence of steps was developed 
and carefully followed in order to insure that the data collected were accurate. This 
sequence o f steps included the following: instrum ent calibration, instrument operation, 
data collection and storage, data display, and data verification.
Calibrating the Sulfur-Trace Instrument
The calibration of the sulfur-trace instrum ent required a stable am bient 
tem perature for the electronics. In order to elim inate any temperature induced variations, 
the instrum ent was turned on at least 30 m inutes before a test and the engine was also 
warmed up to operating temperature before sulfur-trace data were collected. Using the 
O CONSAC oil consumption software, the configuration and calibration screens were 
updated to reflect the current calibration and operating conditions. A SO, calibration gas 
o f approxim ately five PPM was used to create a full scale span, and bottled a ir was used 
to zero the instrum ent by adjusting both the m icroprocessor and the strip chart recorder.
The SO, span gas as recom m ended by SwRI contained approxim ately 5.385 PPM 
sulfur (by volume). Susuma Ariga, engineer at SwRI, created a formula in the 
O CONSAC softw are to convert SO, PPM  by volum e to SO, PPM by w eight (Equation 
3). This form ula allowed the SO , to be m easured as a parts per million volum e and then 
converted into parts per million weight (S. A riga, personal communication, D ecem ber 
1995). This conversion was necessary to equate the m easurem ent of SO, w ith oil 
consum ption m easured in grams per hour, which is a weight measurement. Since not all 
bottles o f SO , span gas contained exactly the sam e volume of sulfur, this form ula was 
used to check the calibration o f a new bottle o f span gas.
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64.064 gm S O y m o le  SO 9 
5.358 S 0 9 PPM  by volum e X "  (3)
28.831 gm Air/mole Air 
= 11.906 SO2 PPM by weight
M icroprocessor based instrumentation system and com puter operation. The 
Antek brand m icroprocessor based instrumentation system  (see F igure 13) was located in 
the console room  and served the purpose of calibrating the signal produced by the 
photom ultiplier circuit. The m ultiplier value and span adjustm ent poten tiom eter were set 
in conjunction with the m icrocom puter software and strip chart recorder. D uring the 
calibration process, the span adjustm ent was set to read approxim ately  145 in the display 
window, as recom m ended by SwRI technicians, and the resulting su lfu r in PPM  weight 
was calculated by the above form ula. Therefore, when a span gas contain ing a volume of 
5.358 PPM sulfur was used to calibrate the sulfur-trace instrum ent, the microcom puter 
displayed the w eight o f sulfur as 11.906 PPM as long as the am bien t air contained no 
additional sulfur. The zero and span calibrations were verified every  30 minutes or less.
If there were deviations in either the zero or span, the cause w as determ ined  and the 
instrum ent was recalibrated. During some recalibrations, the span w as also readjusted.
Com puter softw are. A 486 Dell com puter was used to calcu la te  and store oil 
consum ption data and engine operating conditions. Proprietary softw are called 
OCONSAC was used to d isplay  real-tim e engine operating cond itions and plot oil 
consum ption and RPM s (see Figure 14). A configuration screen w as used to change 
variables such as the test num ber and span gas variable (see F igure 15). W henever a 
different bottle o f span gas w as used, the amount of sulfur, as, listed  on the certificate o f 
gas analysis, was entered into the microcomputer via the configura tion  screen. A 
calibration screen was used to calibrate the 16 analog inputs such as engine RPM  and 
pressure transducers (see F igure 16).
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Figure 13. A ntek M icroprocessor Controls.
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Figure 14. M ain Display Screen of O CO N SA C Software.
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Figure 15. Configuration Screen.
Figure 16. Calibration Screen.
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Tests o f calibration. Once the sulfur-trace instrum ent w as properly calibrated, 
several tests were conducted to ensure that the instrum ent was functioning properly. 
These tests, which included a variety of engines and  engine testpoints, were conducted as 
follows:
1. Since oil consumption data were taken at SwRI from engine (X), the same 
engine (X) was also used at PEC for initial calibration and testing to determine if the 
sam e oil consum ption values would be repeated.
2. W hen the above test had been com pleted, engine (X) was tested by the 
drain-and-w eigh m ethod to determine if the sulfur-trace m ethod agreed with the drain- 
and-w eigh method.
3. Engine (H (), an engine suspected o f  consum ing an excessively high 
am ount o f  oil, was tested by the sulfur-trace m ethod and then by the drain-and-weigh 
m ethod to determ ine if the measured oil consum ption was the same.
4. Engine (H.,), an engine which apparently consum ed little oil, was tested by 
the sulfur-trace m ethod and then by the drain-and-w eigh m ethod to determ ine if these 
m easurem ents also agreed.
These tests were methodically conducted to prove the accuracy of the sulfur-trace 
instrum ent and to answ er Research Question 1 (p. 3). In a separate series of tests, six 
new engines, taken from the manufacturing assem bly line which were determined to be 
identical, were tested by the sulfur-trace method to determ ine if the sulfur-trace 
instrum ent could be a valuable tool for testing all new engines. O ne additional engine 
was tested to see if the sulfur-trace method could detect a difference in oil consum ption if 
different valve stem  seals were used.
C onducting an Oil Consum ption Test
D uring the operation o f the sulfur-trace instrum ent, hundreds o f oil consum ption 
tests were conducted. A lthough this task becam e routine, a  carefully  developed
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m ethodology w as strictly followed in order to insure that tim e was wisely spent gathering 
accurate data. The following steps sum m arize the specific tasks required to obtain an oil 
consum ption measurem ent. This sequence o f  steps represents the tasks that were 
required to m easure oil consumption from only one engine testpoint and from only one 
cylinder.
1. Turn on all sulfur-trace com ponents at least 30 m inutes before calibration.
2. Start diesel engine and bring to operating tem perature at engine testpoint 
at least 30 m inutes before sulfur-trace calibration.
3. Calibrate instrum ent with zero and  span gases at least twice to insure 
stable zero and span. Note on strip chart the zero and  span.
4. O pen high tem perature valve to appropriate cylinder.
5. W atch for an im m ediate rise in the red strip chart recorder pen, indicating 
the presence o f sulfur. If no m ovem ent in the pen is detected w ithin 10 seconds, 
discontinue testing and trouble shoot why pen did not move.
6 . Wait for red pen to reach a steady peak (only a few seconds) and hold  that
peak for one m inute to insure a consistent m easurem ent.
7. Start the test by pressing the appropriate keyboard button and im m ediately 
mark the start o f the test on the strip chart.
8 . At the end of the test (usually one m inute), im m ediately m ark on the strip 
chart w here the test ended. (If the pen did not follow a consistent path during the test, the 
test should be voided)
9. Imm ediately following the test, close high tem perature sam ple valve.
10. Label the strip chart with the appropriate engine num ber and date.
11. Label individual cylinder test segm ents on the strip chart (see Figure 17).
12. Watch that red pen returns to the calibrated  zero point. This should 
happen within 10 seconds o r the test is void.
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13. Remain at the zero point for approxim ately one m inute to insure the red 
pen does not drift above or below zero.
14. Complete one span calibration to determine if the sam e span reading is 
reached. If it does not, the test is void.
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Figure 17. Strip Chart Recording w ith Labeled Tests.
During routine testing, the 14 steps listed above were successfully com pleted for 
each oil consumption m easurem ent. Each oil consumption m easurem ent was repeated a 
second time and the two tests com pared for accuracy. If there was less than 12% 
variability between these two tests, the mean oil consumption was recorded as valid. The 
com pletion o f all 14 steps took approxim ately five minutes. Therefore, it was possible to 
obtain one accurate oil consum ption m easurem ent in approxim ately 10 m inutes.
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Since the sulfur-trace m ethod is useful for m easuring the oil consum ption of 
individual cylinders, routine tests included the m easurem ent o f all cylinders. These tests 
were repeated a second tim e to ensure accurate testing procedure. O il consumption tests 
were also conducted at different RPM  and loads. Engine m apping was a term used to 
indicate the measuring o f  oil consum ption from all individual cylinders at various RPMs 
and loads.
Recording the Sulfur-Trace Data
A series o f sw itches was m ounted below the m icroprocessor and used to remotely 
control the opening and closing o f the sample valves m ounted to the engine exhaust 
manifold. W hen one o f  these switches was opened, a small am ount o f  engine exhaust 
was drawn into the analyzer. W hen a stable measurement o f  sulfur was indicated by the 
strip chart recorder, (usually within 10 seconds) the O C O N SA C softw are was used to 
begin collecting data for a predeterm ined period o f time. D uring the calibration, test, and 
recalibration, the strip chart recorder was used to collect all oil consum ption data in an 
analog form.
The two-pen strip chart recorder was used to record SO , levels and engine RPM. 
Notations indicating the A ntek span value and oil consum ption test num bers were written 
directly onto the strip chart recording paper. At the end o f the test, the OCONSAC 
software autom atically averaged all the collected data points and recorded the mean. 
These data were later output to a printer and selected oil consum ption data were 
transferred to a spreadsheet for further study.
The strip chart recorder was used to monitor zero and span calibrations as well as 
oil consum ption tests. D uring each calibration mode and during each test, many 
notations were handw ritten on the strip chart recording sheet to denote the engine type 
and serial number, test number, cylinder number or stack, and when (or what portion of)
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the test was recorded. This recording served as a visual trend o f  oil consumption and 
indicated trends in the zero and span calibrations. T he red  pen o f the strip chart recorder 
was used to indicate the level o f SO,, which represented the span gas or oil consum ption 
(depending on w hich was being measured). The b lack  pen w as used to record engine 
RPM s. H andw ritten notes were frequently written on the strip chart recording paper to 
indicate special conditions o r observations. A strip chart was created  for each engine 
testpoint, and this chart was stapled together with the recorded data printed from the 
O CO N SA C software.
Reporting the Sulfur-Trace Data
M any o f the 59 data points collected by the O C O N SA C  program  for each test 
were not directly required to determine oil consum ption but w ere necessary to ensure that 
all o ther engine operating conditions were acceptable. O nce a  printed copy of the oil 
consum ption data from  the OCONSAC program  was printed ou t on a printer, the oil 
consum ption data were copied manually into an Excel® tem plate.
The strip chart was used to record many details o f  the sulfur-trace m easurem ents 
over a specific period o f time. The strip chart was used to note the exact segment o f time 
during which the test was taken. The test reports w ere then printed singularly, or up to 
six tests as lim ited by the paper size.
Excel® spreadsheet. In answer to Research Q uestion 2 (p. 3), an Excel® tem plate 
was developed by the researcher during the internship period (see Appendix G for 
internship log and sum m ary). The purpose o f this tem plate was to verify the accuracy of 
the data and to prepare the data in a format that could  be easily understood. 
A pproxim ately five thousand formulas were used to create a sum m ary of the data in an 
easily understood format. Some of these formulas w ere used to reposition the data into a 
form at com patible with DeltaGraph®. By consistently m onitoring the summary data and
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graphs produced by the spreadsheet template, errors in data collection were noticed more 
readily.
D eltaG raph® charts. A DeltaGraph® tem plate was designed to accept the sulfur- 
trace data arranged by the Excel® spreadsheet. A total o f 357 graph and chart formats 
were developed and used to com pare trends and repeatability. D ata summaries in 
graphical form at w ere printed on a color printer for easy color code identification of the 
data in chart o r graph format.
Verifying the Sulfur-Trace Data
Since the sulfur-trace method is capable o f  rapidly gathering oil consumption data 
from individual cylinders as well as the exhaust stack, a m ethod was developed to 
determ ine w hen oil consum ption data could be considered accurate. Analog data from 
the strip chart recorder and Excel® spreadsheet w ere used with this method.
At the com pletion o f oil consumption test(s), or every 30 minutes (whichever 
came first), the instrum ent was calibrated with the zero and span gases to determine if the 
same calibration reference points were being m aintained. If the instrum ent continued to 
maintain the sam e zero and span points, the data w ere initially assum ed to be accurate. A 
second identical test was subsequently run, although possibly at a different time or date to 
verify the first value. W hen data from both tests agreed, that is, data with ±12% 
variability o r less, the oil consum ption data w ere determ ined to be accurate, and the mean 
of those tw o tests w as recorded. W henever a zero  o r span reading was not obtained 
within 15 seconds o r less, the instrum ent was considered out o f calibration and testing 
discontinued until corrections could be made.
Summary
This research into the sulfur-trace m ethod o f m easuring oil consum ption was only 
possible through the generous support o f industry funds and personnel. This research 
required equipm ent, personnel, and a facility that was not available on the UNI campus.
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During a period o f tw o years, the sulfur-trace instrum ent was assem bled, calibrated and 
tested by com paring sulfur-trace data with another method. Procedures were carefully 
developed for the routine operation o f the instrum ent and charts, graphs, and data 
sum m aries were created for presenting the oil consum ption data.
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CHAPTER 4
PRESENTATION AND ANALYSIS O F DATA 
A set of four research questions (Chapter 1, p. 3) w ere used as the basis of this 
research. In answering these questions, methods were developed, sequences were 
ordered, presentation mediums w ere designed, and actual data from  tests were recorded.
Analysis o f  D ata for Research Q uestions 
During a period of two years, sulfur-trace research was conducted  at the Deere & 
Com pany PEC facility. During approxim ately the first six months o f this research, the 
instrum ent was assem bled and m odified to collect oil consum ption data. Within the next 
few months, the instrum ent was calibrated through a series o f tests. The last year of this 
research was spent collecting data and analyzing the results. T hroughout each of these 
time periods, the four research questions were used to gain a better understanding of the 
sulfur-trace method.
Analysis of Research Question 1
Research Question 1 was stated as follows: W hat procedures and attention to 
details must be observed while collecting sulfur-trace data? This question was used 
throughout the entire sulfur-trace research and resulted in num erous changes that affected 
the assembly of equipm ent, calibration procedures, and m ethods o f  collecting data. As a 
result o f this question, special care was taken to com pare sulfur-trace data with the 
accepted standard to ensure that the data collected were accurate.
Physical changes. After the initial assembly o f the sulfur-trace instrument, tests 
o f calibration and tests of oil consum ption measurement were each repeated and 
com pared for data consistency. T he initial data collected were found to be inconsistent in 
both cases.
Upon close inspection o f the OCONSAC softw are program , it was found that oil 
consumption calculations had been based on the English m easurem ent system, whereas
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D eere & Com pany technicians use the m etric m easurem ent system. D uring a period o f 
two months, the software was converted to the m etric system.
In response to Research Question I, additional flow meters were added to m onitor 
the operation o f the sulfur analyzer. These m eters w ere used to identify an interm ittent 
ozone generator, which caused erratic calibrations o f  the sulfur-analyzer. A new ozone 
generator capable o f producing four tim es the needed ozone was installed. An indicator 
light used to detect the presence o f oxygen, necessary for the production o f  ozone, was 
installed to m onitor instrument operation. For future testing purposes, the sam ple line 
was Fitted with an adaptor so that nitric oxide cou ld  be periodically injected into the 
sam ple line. Since the presence o f even a sm all quantity  o f nitric oxide can distort the 
SO , signal, it was im portant to know that the ozone generator was w orking properly so 
that only SO. was being measured. The proper operation o f the new ozone generator was 
verified when only nitric oxide was directly injected into the sample line, and the 
calibrated sulfur-trace instrument detected no change in SO, measurements.
Initial oil consumption m easurem ents o f engine (X), were com pared with 
m easurem ents taken at SwRI. from the sam e engine. In Condition A (see Figure 18), 
there appeared to be an upward drift in sulfur-trace m easurem ents. The cause o f this 
apparent drift was traced to excess w ater collecting in the sample line. Therefore, all 
parts of the sample line before the m em brane d ryer were wrapped and heated so that 
w ater was rem oved in vapor form. A sam ple line bypass was installed ju st before the first 
pyro oven to allow the exhaust sam ple, which contains w ater vapor, to bypass the sulfur 
analyzer unless exhaust analysis was being perform ed. This allowed the exhaust sam ple 
to condition the sam ple line up to the analyzer, but only enter the analyzer during brief 
test periods. In Condition B, the drift was elim inated  because excess w ater vapor had 
been controlled.
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Test Point Repeatability - Condition A
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Figure 18. The Effects o f Excess Water on Sulfur-Trace Data.
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Analysis o f fuel and oil. Although the diesel fuel and engine lubricating oil were 
not considered special, that is, doped or radioactive, they were purchased from refineries 
for their special characteristics. The oil was chosen for its naturally occurring high sulfur 
content, and the fuel was chosen because it contained the least am ount of sulfur yet 
exhibited the sam e characteristics of com mercial diesel. Throughout the testing process, 
different shipments of fuel and oil were purchased and used in the engines being tested. 
Each batch of fuel and oil was accom panied by a Certificate of A nalysis which indicated 
the content and its characteristics.
In referring to Research Question 1 (p. 3), a batch o f 350 gallons o f  diesel fuel 
was m ixed in a large tote tank for an hour and a half. A sam ple o f  the uniform  fuel was 
placed into four sterile containers. Oil was withdrawn from a 55 gallon barrel and also 
placed into four sterile containers. A sam ple of oil and fuel were m ailed to four separate 
chem ical laboratories for the analysis o f sulfur. The results o f the laboratory analysis of 
sulfur is shown in Table I. The am ount of sulfur found in the oil at each o f the 
laboratories was in reasonable agreem ent with the other laboratories, but the am ount of 
sulfur found in the fuel varied widely between laboratories. Note that fuel sulfur was 
only a fraction o f  the oil sulfur, thus measurement of fuel was m ore difficult, yet was 
extrem ely im portant as the following paragraph indicates.
A series o f calculations were conducted with an engine operating at a specific 
engine testpoint using the same engine lubricating oil and diesel fuel. In these 
calculations, five different quantities o f sulfur were used to configure the software for the 
am ount of sulfur contained in the fuel. The results of these calculations are shown in 
Table 2, and illustrate the im portance o f accurate laboratory analysis o f the sulfur content 
of the fuel. If the correct analysis of fuel and sulfur are not reported and used, the sulfur- 
trace instrum ent cannot produce accurate oil consum ption data.
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Table 1
Sulfur Content o f Fuel and Oil from Laboratory Analysis 
Analysis High sulfur oil Ultra low sulfur diesel fuel
Laboratory A 1.084% sulfur 3 PPM sulfur
Laboratory B 1.029% sulfur 12 PPM sulfur
Laboratory C 1.158% sulfur 0.12 PPM sulfur
Laboratory D 1.064% sulfur 3.8 PPM sulfur
Table 2
Effects of M easured Fuel Sulfur Content on Oil Consumption
M easured sulfur fuel (PPM) Sulfur mI(%) Example o f oil consum ption (g/hr)
3 1.084 46.6
1 1.084 38.5
0.5 1.084 34.4
0.2 1.084 33.2
0.1 1.084 32.8
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Figure 19. Span Gas Calibration.
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Zero
baseline Stability of 16 hour calibration
Figure 20. Span Gas Stability.
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Calibration accuracy. The analyzer was calibrated to full scale with a span gas of 
5.38 PPM . As show n in Figure 19. the full scale response was obtained within a few 
seconds and the calibration rem ained stable during a one hour test period. A fter 
com pleting the test fo r 16 hours, it was obvious the bottled span gas was m easured at the 
sam e constant rate during the entire 16 hours o f calibration (see Figure 20).
The sulfur de tec to r’s fast response to sulfur made it possible to conduct num erous 
tests in a short period  o f  time. Repeated changes in the calibration from zero to full span 
calibration indicated full attainm ent o f both zero and span within a few seconds. 
Repeatability o f the instrum ent during a 30 m inute test period is shown in Figure 21.
Full scale  
calibration r\
Zero
baseline
r n n
Stability of repeat calibrations
Figure 21. Zero and  Span Repeatability.
There w ere tim es during the testing o f diesel exhaust that an im mediate span or 
zero could  not be obtained. It was found that this occurred when too much w ater vapor
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was allowed to remain in the sam ple path. Therefore, all valid tests included frequent 
zero and span calibrations to verify the proper operation o f the instrum ent.
Requirements o f collecting data. Research Question I was closely  followed 
when developing an efficient and accurate m ethod to collect oil consum ption data. The 
14 steps listed in C hapter 3 are the result o f months of careful research and  data 
collection and required a good understanding o f the operation of the sulfur-trace 
instrument and its accessories. A fter considering the quantity of data this instrum ent is 
capable of generating, it w as determ ined that data collection must follow  three principles:
1. Accurate analyses o f fuel and oil are required.
2. Timely, accurate calibrations are required.
3. Careful data analyses and interpretation must be com pleted.
Numerous oil consum ption tests were repeated for different engines. This gave
engineers the opportunity to com pare the oil consumption o f various engines. In order to 
make data collection sim pler and less confusing, a systematic m ethod o f  recording data 
was developed. To answ er Research Question I. an “Engine Prep guide” sheet was 
developed on which an engineer requested the various types o f tests desired  (see Figure 
22). This guide sheet w as co lor coded to match a spreadsheet tem plate w here the 
appropriate oil consum ption data were recorded. This same spreadsheet also contained 
provisions for com paring repeated tests and com paring up to five different engines.
M ethodology of interpreting data. Sulfur-trace oil consum ption data were 
gathered and stored in the O CO N SAC software. These data w ere displayed on the CRT 
of the microcomputer, as show n in Figure 14 o f Chapter 2, and also in prin ted  format (see 
Figure 23). Since it was easy to collect a large am ount of data, a process was developed 
to compare repeat tests. A partial view of this spreadsheet is shown in A ppendix H. The 
need for developing this softw are to interpret data was directly developed from  Research 
Question I.
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Engine #:
Contact Engineer:
Engine Prep Guide
Displacement:
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Figure 22. Engine Prep Guide.
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TEST #: 135 135 135 135 135 135
RUN#: L 101 201 301 401 501
TIME 26 26 37 37 37 37
ENGINE SPEED (rpm) 2202.8 2116.8 2199.1 2201.6 2197.9 2200.1
TORQUE (NM) 824.5 444.1 845.9 844.7 847.0 846.5
POWER (kW) 190.2 100.7 194.8 194.8 195.0 195.0
BSFC (g/kWH) 213.7 1905.1 33.1 210.9 210.8 211.3
BMEP (kPa) 1274.2 6S6.3 1307.4 1305.5 1309.0 1308.2
BTE (*> 98.6 52.2 636.8 99.9 99.9 99.7
AIR FUEL RATIO 31.4 23.0 201.1 31.5 31.5 31.3
FUEL RATE (Kg/hr) 40.6 40.6 6.4 41.0 41.1 41.2
BAROMETER (mm.Hg) 733.5 733.4 734.0 733.9 733.9 733.9
WET AIR FLO (kg/hr) 1273.5 934.2 1294.8 1292.2 1293.2 1290.4
ACT AIR FLO mA3/hr 1151.9 837.0 1157.3 ll6 L 9 1163.8 1166.9
STD AIR FLO mA3/hr 1061.9 779.0 1079.6 1077.4 1078.3 1075.9
AIR METER DP (kPa) 1.3 1.0 1.3 1.3 1.3 1.3
AIR INTAKE (kPa) 1.7 1.2 1.8 1.8 1.8 1.8
S02 SIGNAL 0.3 0.2 0.2 0.1 0.1 0.1
S02 CONCENT (ppm) 1.1 0.9 0 .9 0.6 0.6 0.6
OIL CONSUMP (gfhr) 54.6 4.3 49.7 4.2 4.2 4.2
BLOWBY (mA3/Hr) 0.0 0.0 0.0 0.0 0.0 0.0
ENGINE OIL (kPa) 360.7 356.3 353.4 352.5 351.5 350.2
FUEL PRESS (kPa) 0.0 0.0 0.0 0.0 0.0 0.0
COMP INLET (kPa) 2.9 2.0 3.1 3.1 3.1 3.2
EXH. BACK (kPa) 7.5 4.7 7.6 7.5 7.6 7.6
LINE HEATER 123.2 123.9 125.9 125.1 124.9 124.8
24.6 23.6 25.0 25.0 25.3 26.0
21.1 21.0 21.0 21.7 22.0 ->2. 1
23.6 23.7 22.0 23.0 23.0 23.5
23.0 23.0 21.5 22.0 22.0 23.0
20.0 20.0 20.0 20.7 21.0 21.0
19.0 19.0 20.0 20.1 21.0 21.0
20.4 20.7 20.7 21.0 21.0 21.8
21.0 21.0 20.5 21.0 21.0 21.8
22.0 22.0 21.0 21.2 22.0 21.0
22.0 22.0 21.0 21.0 21.8 21.3
23.0 23.0 21.2 22.0 22.0 22.5
22.7 23.0 2L 0 21.9 22.0 22.0
COOLANT IN 79.1 78.5 81.0 81.0 81.0 81.0
COOLANT OUT 84.2 83.6 84.2 84.0 84.2 84.4
OIL GALLERY 104.0 104.0 104.0 104.0 104.0 104.0
OIL SUMP 72.0 72.8 76.0 76.6 77.0 77.0
FUEL IN 40.6 41.7 41.2 41.4 41.2 41.1
RETURN FUEL 64.7 62.8 64.6 64.8 65.2 65.3
LFE AIR 26.0 25.0 24.0 25.0 25.1 26.0
AIR BEFORE COOLER 161.0 141.8 160.3 161.5 162.0 163.0
AIR AFTER COOLER 62.0 54.8 60.2 60.2 60.1 60.2
BLOWBY 52.4 52.5 56.0 56.3 56.8 56.7
EXHAUST #1 516.8 433.9 519.0 521.7 524.5 522.2
EXHAUST #2 507.0 430.1 508.1 509.6 510.9 512.1
EXHAUST #3 488.8 414.3 491.8 492.0 489.1 490.4
EXHAUST #4 513.7 438.4 514.2 515.5 516.5 518.3
EXHAUST #5 533.6 451.9 527.7 531.7 533.3 530.4
EXHAUST #6 507.7 428.0 511.4 512.8 514.0 516.8
PRE-TURBO FRONT 566.7 477.3 561.9 563.9 565.2 566.6
PRE-TURBO REAR 540.5 467.1 537.5 538.9 538.5 539.4
EXHAUST STACK 419.7 399.1 417.0 418.9 419.0 420.0
DYNO 38.2 37.4 37.0 37.0 37.0 37.0
CYL# TEST(0=stack) 0.0 1.0 0.0 1.0 2.0 3.0
Figure 23. Printed Oil Consum ption Data from O C O N SA C  Softw are.
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M easurem ent m ethods com pared. Specific data gathered to com plete the analysis 
of Research Q uestion 1 included a series of tests to validate the accuracy of the sulfur- 
trace instrum ent calibrations. These tests included a variety o f environm ents and engine 
characteristics. It is im portant that any oil consumption m easurem ent system  be capable 
o f m easuring oil consum ption consistently, repeatedly, and under varying circumstances. 
It should m ake no difference w hether repeat tests were conducted  in im m ediate 
succession, the sam e day, o r the same week. In each case, the repeated  test results were 
found to be reasonably close to the expected results.
D uring norm al testing, a series o f tests were im m ediately repeated to verify the 
consistency o f test results as stated in Chapter 3. This excellent repeatability is 
dem onstrated in C ondition A (Figure 24) where one engine test po in t was selected for 
m easurem ent, and tw o tests were conducted in im m ediate succession  on the m orning of 
the same day. In Condition B, a different engine test point w as selected  and only one test 
was conducted. A lthough other tests were conducted that day, the specific test point of 
Condition B was not repeated until the next day. In Condition C , the second test was not 
repeated until one week later. In each case, there was excellent agreem ent between the 
first and second tests.
W hen a new oil consum ption method is used and an eng ine test sequence 
indicates a high oil consum ption cylinder is next to a low consum ption  cylinder, or vice 
versa, there is always the possibility that one data point may bias the next one until test 
results prove each high or low data point is accurate. To determ ine w hether or not this is 
the case w ith the sulfur-trace instrum ent, an appropriate engine testpoint was selected and 
two tests w ere conducted in im mediate succession, but in reverse o rder (see Figure 25). 
By carefully  review ing the data from Cylinders 3, 4, 5, and 6, o f  Tests A and B, it was 
determ ined that there was good agreem ent between test results and  that no biasing of data 
was found.
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Figure 24. D ata Repeatability at Different Test Points.
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Test B (Cylinders 6, 5, 4, .Test A (Cylinders 1 , 2 , 3 , .
Figure 25. Reversal of Testing Sequence.
The drain-and-weigh oil consumption m ethod has been the accepted standard by 
many com panies for several decades. Since this m ethod has been considered accurate, 
the sulfur-trace method was com pared with the drain-and-w eigh m ethod. Each testing 
method was conducted by different personnel and data  were kept confidential until each 
com parative test was com pleted.
Engine G was tested by the sulfur-trace m ethod and found to consume oil at the 
rate o f 0.213 grams per kilow att hours (g/kW hr). This sam e engine was also tested by the 
drain-and-weigh m ethod and  found to consum e 0.208 g/kW hr. A com parison o f these 
two methods showed only 3.4%  variability in the data.
Engines H, and H , were randomly selected and  tested  by the sulfur-trace and the 
drain-and-weigh methods. The sulfur-trace oil consum ption for engine H 1 was found to 
be 0.256 g/kW hr and the drain-and-weigh 0.227 g/kW hr. Engine H., measured 0.126 g/ 
kW hr by the sulfur-trace m ethod and 0.112 g/kW hr by the drain-and-w eigh method. A 
statistical comparison o f  the two oil consum ption m easurem ents show ed that engine
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Figure 26. Sulfur-Trace M easurem ents C orrela ted  with Drain-and-W eigh.
had a  17.0% variability, and engine FL, had a 16.6%. A sum m ary of these three tests is 
show n in Figure 26.
In the case o f engine G, a close correlation o f the two oil consumption 
m easurem ents was found since there was only a 3.4% variability between the two 
m easurem ents. An average variability o f alm ost ±13%  was found in drain-and-w eigh 
m easurem ents when repeated tests were com pared.
W hen sulfur-trace data from each o f the H  engines w ere com pared with the drain- 
and-w eigh m ethod, neither engine had less than a ±13% variability. This led to an initial 
conclusion that the sulfur-trace m easurem ents o f  the H  engines did not correlate well with 
the drain-and-w eigh method. But when the data o f  each m ethod were analyzed, and a 
plus and m inus variability range o f  approxim ately  26% was plotted, it w as determ ined
SO*
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Engine HEngine HEngine G
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that the sulfur-trace and drain-and-w eigh oil consum ption data closely agreed in each of 
the three engines com pared since the m easurem ent variations overlapped.
Analysis o f Research Question 2
This question was stated as follows: How can sulfur-trace experim ental data be 
recorded and reported graphically in an efficient manner? The prim ary media used to 
report oil consum ption data were the strip charts, spreadsheet sum m aries, and 
D eltaGraph* reports (see the sam ple instructions for com puter operation in Appendix I).
Figure 27 is an exam ple o f how the strip chart recorder was used to record 
abnorm al oil consum ption. Handwritten notations were useful in determ ining if a test 
could be considered valid. It can be easily noticed that oil consum ption of Cylinder 6 
during the testing period was erratic.
Abnormal Oil Consumption In Cylinder One & Six
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Figure 21. Abnormal Oil Consum ption.
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The spreadsheet tem plate w as useful for view ing specific numeric data and 
sum m aries (see Appendix H). The DeltaGraph® tem plate was useful for visualizing the 
data, especially comparisons (see Figures 18, 24, 29, 30).
A nalysis of Research Question 3
Research Question 3 was stated as follows: How much time and data are required 
to com pare and contrast oil consum ption by the sulfur-trace method as com pared to the 
drain-and-w eigh method? To answ er this question, oil consum ption tests were conducted 
by both methods and the tim e of the testing process was recorded in three main segments
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Figure 28. Duration of Oil Consum ption Tests.
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as illustrated in Figure 28. These three segm ents were: engine installation, oil 
consum ption, and data analysis. In each m ethod, an engine was placed in a test cell and 
connected to a dynam om eter and console instrum entation. Next, each engine was 
operated at its rated speed under full load for a period of time while oil consum ption data 
were collected. Finally, the oil consum ption data were calculated.
By following the 14-step sulfur-trace data collection m ethodology stated in 
C hapter 3 (pp. 53-55), oil consum ption data from the exhaust stack were collected in 
approxim ately 10 minutes. This data consisted in one measurement o f oil consum ption, 
but the test could have easily been continued to include oil consum ption m easurem ents 
for all individual cylinders under a variety o f engine operating conditions. In oil 
consum ption tests using the drain-and-w eigh m ethod, each engine was operated  at its 
rated speed under full load for 100 hours. At the end of the test, the only inform ation 
provided on oil consum ption was one num eric value which referred to the total oil 
consum ed by the engine. The testing o f individual cylinders by the drain-and-w eigh 
m ethod was not possible. It can be seen by the results shown in Figure 28 that the time 
for engine installation was approxim ately four hours for each m ethod, although the 
special exhaust manifold prepared with sam ple probes did take slightly longer to install 
for the sulfur-trace m ethod than the standard exhaust manifold used for the drain-and- 
weigh method. The collection and analysis o f data took less than one hour in each case. 
The large difference in these two m ethods was in the time it took to co llect data after the 
test was started. That means that each oil consum ption test conducted w ith the sulfur- 
trace m ethod could save approxim ately 100 hours o f testing time as com pared with the 
drain-and-weigh method. In com paring the drain-and-weigh m ethod with the sulfur-trace 
method, only one oil consum ption data was used from each m ethod for each com parison. 
This limitation existed because the drain-and-w eigh data is a m easurem ent o f  all oil
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consum ed by the engine. In the sulfur-trace method, this corresponds to oil consumption 
m easurem ents obtained by using the stack probe. The additional sam ple probes were not 
used since the drain-and-w eigh m ethod cannot be used to isolate the oil consumption of 
individual cylinders. In a com parison to the drain-and-weigh m ethod and fuel-to-oil ratio 
m ethod (see A ppendix J), the sulfur-trace method was found to be efficient and allowed 
data to be collected from  m ultiple sources (see Table 3).
Table 3
Com parison o f Oil C onsum ption M ethods
Oil consum ption m ethod Duration o f test D ata collection source
Sulfur-trace = 10 min. Multiple
D rain-and-weigh = 100 hrs. 1
Fuel-to-oil «  2,000 hrs. 1
Analysis o f Research Q uestion 4
Research Q uestion 4 was stated as follows: W hat is a good exam ple of mapping 
engine oil consum ption? T he study of engine oil consum ption m ust include a variety o f 
engine operating conditions. N um erous attempts were made to  efficiently map the oil 
consum ption o f an engine as requested by research engineers. In o rder to assure accurate 
oil consum ption data, m any engineers requested num erous oil consum ption tests at many 
engine operating conditions. Unfortunately, oil consum ption testing by even the sulfur- 
trace method is very costly  since these tests must all be conducted  in a well equipped 
engine test cell. T herefore, several attem pts were made to gather the m inimum am ount of 
oil consum ption data to illustrate oil consumption trends.
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The most com m on engine mapping included tests under the following engine 
conditions: rated load at rated speed, no load at rated speed, full load at peak torque, no 
load at peak torque, and no load at idle. Under these engine conditions, it was possible to 
determ ine variations in oil consumption under different operating conditions. Under 
som e operating conditions, it was sometimes found that one cylinder perform ed well and 
consum ed little oil, but under other operating conditions, the sam e cylinder performed 
poorly by consum ing excessive oil. This mapping process resulted in numerous oil
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Figure 29. Chart o f Oil Consum ption Map for One Test Engine.
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consum ption data which were efficently recorded and reported in the Excel® and 
DeltaGraph® templates (see Figure 29).
A dditional D ata Collected 
The sulfur-trace m ethod was also used to test six apparently identical engines, that 
is, built with the same type and model o f engine parts. These engines w ere randomly 
selected from the same assem bly line and tested by the sulfur-trace oil consum ption 
m ethod. The oil consum ption data from each engine were recorded, and  the data from all 
six engines were analyzed to determ ine if  oil consumption testing by the sulfur-trace 
m ethod is beneficial for new engines with little or no break-in time. T he results o f these 
tests indicated that all six engines consum ed an acceptable level o f oil for new engines.
As shown in Figure 30, these engines did not consume the sam e am ount o f  oil even 
though they came from the sam e assem bly line and were constructed w ith the same type
Six New Engine Tests
Sulfur trace method
O  o
mo
o
Engine A Engine B Engine C Engine D Engine E Engine F
Figure 30. Summary Com parison o f Engines.
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of com ponents. Since the sulfur-trace instrument was useful in m easuring oil 
consum ption variations in these six engines, the sulfur-trace m ethod may be a useful tool 
in determ ining why som e engines consume more oil than others, even though they appear 
to be identical.
In a separate test, a newly designed engine was tested  by the sulfur-trace method 
to determ ine the effect o f different valve stem seals on oil consum ption. A difference in 
oil consum ption was m easured, thus indicating the value o f  the sulfur-trace method for 
engine design evaluation.
Summary
The sulfur-trace instrum ent was assembled, tested, m odified, and calibrated for 
daily operation according to Research Question 1. C areful attention was given to the 
numerous sulfur-trace details o f measuring oil consum ption. D ata were collected by 
following a m ethodically developed and tested sequence o f  steps and the results were 
com pared to data collected  by other methods. G raphical charts were developed and used 
to com pare the sulfur-trace method with the drain-and-w eigh m ethod. These two 
methods o f  m easuring engine oil consumption were found to agree.
The drain-and-w eigh method took over 100 hours to collect oil consumption data. 
At the end to this test, only one oil consumption value was produced, representing the 
total oil consum ption o f the engine. Once the sulfur-trace instrum ent was ready for use, 
the total oil consum ption o f  the engine was collected in approxim ately 10 minutes. 
Furtherm ore, all cylinders may be measured individually in a  period o f  about one hour.
Besides the benefits o f  rapid oil consumption testing, the sulfur-trace m ethod was 
found to be useful in m apping the oil consumption at d ifferent loads and speeds. Five 
engine conditions w ere found to be sufficient for m apping m ost engines. The data were 
efficiently recorded and  reported in numerous Excel® and DeltaGraph® templates.
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C H A PTER  5
SUMMARY, CONCLUSIONS, A ND RECOM M ENDATIONS 
The sulfur-trace method is one o f several oil consum ption m easurem ent m ethods 
designed to m easure the sulfur found in engine exhaust. W hen this m ethod was properly 
conducted, it was found to be superior to the drain-and-w eigh method. Therefore, this 
research was designed to analyze how the sulfur-trace instrum ent should be used to insure 
accurate oil consum ption data and how that data should be recorded and reported.
Sum m ary of the Research 
C ontrolling the oil consumption o f diesel engines is important for custom er 
satisfaction and for m eeting federal standards. A lthough the drain-and-weigh m ethod has 
been used by engine manufacturers for several decades, many attempts have been made 
to develop a better m ethod of measuring oil consum ption. Researchers at Southw est 
R esearch Institute (SwRI) dem onstrated num erous benefits o f the sulfur-trace oil 
consum ption m ethod, and their data convinced D eere & Com pany personnel that this 
new m ethod may be useful to study the oil consum ption characteristics o f their engine 
designs. The purpose o f this research was to m odify a sulfur-trace analyzer for oil 
consum ption m easurem ents at the Deere & Com pany site, to develop a series o f tests in 
o rder to understand how oil consum ption tests should be conducted, and to verify how 
the sulfur-trace instrum ent can be used to locate the oil consum ption source.
This process refinem ent project was based on the findings o f o ther researchers. 
Four research questions were designed as the basis o f this research, and these questions 
w ere carefully follow ed throughout the tedious process o f assem bling the com ponents of 
the sulfur-trace instrum ent and during the data collecting process:
1. W hat procedures and attention to details m ust be observed while 
collecting sulfur-trace data?
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2. How can sulfur-trace experim ental data be recorded and  reported 
graphically in an efficient m anner?
3. How much time and  data are required to com pare and contrast oil 
consum ption by the sulfur-trace m ethod as com pared to the drain-and-w eigh 
m ethod?
4. What is a good exam ple o f mapping engine oil consum ption?
Since this method had been developed as only a laboratory technique, there were 
no written manuals available to assist in the instrument assembly process. Several 
m onths o f time were spent studying the function and operation o f the m any com ponents 
which com prised the sulfur-trace instrum ent. This study lead to num erous changes in the 
instrum ent assembly and eventually  resulted in greater data accuracy. Once the 
instrum ent was fully assembled, it was discovered that the custom com puter software 
program  was not com patible with the current instruments of data collection used in the 
test cell. Several additional m onths o f tim e were devoted to software revisions and tests 
of calibration.
In order to verify the calibration o f the sulfur-trace instm m ent, oil consumption 
data at the Deere & Company site w ere com pared with data taken at the SwRI site. Since 
the sulfur-trace instrument used in this research had been designed, assem bled, and used 
by research personnel at SwRI to m easure oil consumption, and since the same engine 
(X) that was tested at SwRI by the sulfur-trace method was also available for this 
research, oil consumption data w ere collected from engine (X) and com pared with the oil 
consum ption data collected at Sw R I. This test was an important com parison between oil 
consum ption data collected by the newly m odified sulfur-trace instrum ent used for this 
research and oil consum ption data  collected by the unmodified sulfur-trace instm m ent 
used at SwRI.
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O nce the sulfur-trace instrum ent was fully calibrated, a series o f three tests was 
conducted to determ ine if oil consumption data m easured by the sulfur-trace method 
correlated with oil consum ption data measured by other oil consum ption tests. 
Throughout these tests, the oil consumption of a specific engine was first m easured by 
the sulfur-trace m ethod before determining the oil consum ption o f the com pared method.
The standard m ethod o f measuring oil consum ption at m ost engine research 
facilities is the drain-and-w eigh method. Therefore, three engines, (X), (H,), and (H J, 
were tested by the sulfur-trace m ethod and the oil consum ption data were com pared with 
data collected by the drain-and-weigh method. Engine (X ) was a custom  built engine 
with unmatched internal com ponents. Engine (H ,) was suspected o f consuming an 
excess amount o f lubricating oil, and engine (H J  was suspected o f consuming a 
minim um  amount o f oil.
Two additional tests were conducted for the benefit o f D eere & Company 
personnel in which the oil consum ption data remain confidential. In one test, six new 
engines were randomly selected from the same assem bly line and measured for oil 
consum ption by the sulfur-trace method. This test was conducted to determine if the 
sulfur-trace method w ould be useful in determining w hich new engines were not likely to 
meet custom er satisfaction. In a separate test, a newly designed  engine was tested by the 
sulfur-trace method to determ ine the characteristics o f tw o different types of valve stem 
seals.
Conclusions Based upon the C ollected  D ata 
After the sulfur-trace instrument had been assem bled and calibrated, initial test 
results were found to be inconsistent. In answer to R esearch Question I, the following 
conclusions were made in regard to errors in the data: (a) the sam ple lines were wrapped 
improperly, (b) the ozone generator operated interm ittently, (c) the sample flow rate 
varied from test to test due to the plugging of the analyzer capillary tube, and (d) excess
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w ater vapor was found in the sam ple path. Changes were made in the sulfur-trace 
instrum ent to correct these problem s, and  further calibration data w ere found to be 
consistent and repeatable. The accuracy of the oil consum ption data co llected  by using 
the sulfur-trace instrum ent was found to be dependent upon accurately m easuring all 
sulfur entering the com bustion cham ber and all sulfur found in a representative portion of 
the engine exhaust. In the oil consum ption tests that were conducted, it was determ ined 
that the sulfur-trace instrum ent was properly calibrated, and that this oil consum ption data 
agreed with data collected by the drain-and-w eigh method.
In regard to Research Q uestion 2, it was found that a strip chart recorder, a 
spreadsheet template, and a chart tem plate were useful to organize, record, and  report the 
sulfur-trace oil consum ption data. The strip chart recorder was found useful for recording 
handwritten notes and explanations during the testing procedure. The spreadsheet was 
used to enter raw oil consum ption data, and a series o f formulas were used to organize the 
data into an appropriate form at for the chart template.
In answ er to Research Q uestion 3, it was determ ined that the overall oil 
consum ption o f an engine can be collected in approxim ately 10 m inutes. T he tim e it took 
to determ ine oil consum ption by the drain-and-w eigh method was m ore than 100 hours, 
and at the end of that test, only one num eric value was recorded. A m ore im portant 
conclusion to Research Q uestion 3 is that the sulfur-trace method can be used to collect 
accurate oil consum ption data from each individual cylinder, som ething that is not 
possible by the drain-and-weigh m ethod.
The answer to Research Q uestion 4  was found after a series o f  engine m ap tests 
were conducted. It was found that the com plete oil consum ption testing o f  an engine 
from every cylinder under all possible loads and speed conditions is costly and  requires 
more than one week o f tests. Therefore, an attem pt was made to create an efficient 
m easurem ent o f oil consum ption in the least am ount o f time. A series o f five engine
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conditions was sufficient for m apping the oil consum ption of m ost engines: rated load at 
rated speed, no load at rated speed, full load at peak torque, no load at peak torque, and 
no load at idle.
R ecom m endations to Improve Data Collection 
The usefulness o f the sulfur-trace instrum ent to research engineers is dependent 
on the accuracy of oil consum ption data that was collected, the ease o f  use, and the 
efficiency o f the method. This research investigation dem onstrated that this m ethod can 
be used to collect oil consum ption data  quickly, provided the follow ing recom mendations 
are followed.
A dditional Calibration Screen for A naloe  and Therm ocouple Inputs
In order to collect accurate oil consum ption data with the sulfur-trace instrument, 
data input devices such as therm ocouples and transducers must be periodically  calibrated. 
Since this instrum ent design is unique and the OCONSAC software program  does not 
include a convenient calibration screen, technicians must spend additional time preparing 
and configuring the input devices for calibration. This could be easily accom plished by 
adding a calibration screen or program  that could be used for calibrations to improve the 
efficiency o f the sulfur-trace technique.
S ulfur Analysis of Fuel and Oil
The sulfur content o f oil and  fuel m ust be analyzed accurately to ensure accurate 
oil consum ption measurement. Each tim e a new shipment o f fuel or oil is purchased, an 
independent lab analysis o f sulfur should  be conducted.
A dditional SO. Test Gas
The sulfur-trace instm m ent is norm ally calibrated with a gas containing 5.0 PPM 
sulfur. Since the indicated sulfur level o f many oil consum ption m easurem ents is less 
than 0.5 PPM , an additional calibration gas containing less than 1.0 PPM  should be used 
to verify the proper operation o f the instm m ent.
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Recom m endations for A dditional Study
The sulfur-trace instrum ent was successfully used during this research to 
accurately measure oil consum ption o f a diesel engine, but improvements can alw ays be 
made. Based on these results, further research opportunities are recom mended to 
im prove the perform ance and application o f this instrum ent:
I. Since w ater vapor enters the sample path o f  the sulfur-trace instrum ent in
the form of com bustion by-products, and too much w ater interferes with the accurate 
m easurem ent of sulfur, further research should be conducted on improved m ethods o f  
w ater removal.
2. In addition to calibration, daily evaluation o f the sulfur-trace system  
should be investigated. One m ethod could be to introduce a known quantity of oil into 
the exhaust manifold and then measure an exhaust sam ple by the sulfur-trace method.
3. A dedicated referee engine should be used for monthly verification o f the 
sulfur-trace system.
4. Experim ents using new oil formulations should be conducted with the 
sulfur-trace m ethod to determ ine: (a) if sulfur is evenly distributed throughout the oil, 
and (b) if some oil form ulations result in lower oil consum ption.
5. Research should be conducted to determ ine if there is a correlation 
between oil consum ption m easured by the sulfur-trace m ethod and particulate em issions 
m easured by standard EPA procedures.
6. Exhaust sam ples should be evaluated by the sulfur-trace m ethod to 
determ ine w hether oil consum ption is related to exhaust particle size distributions.
7. Research should be conducted to determ ine if the sulfur-trace m ethod can 
be used to evaluate exhaust aftertreatm ent devices such as an oxidation catalyst or 
particulate trap.
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Project budget
Equipment
Sulfur-trace instrument 
Engines*
Data acquisition cards
High tem perature sampling valves
Instrument repair parts
Quant.
1 3 
16
Cost
5 1 0 ,0 0 0
$ 4 6 5
Total Cost
$ 8 3 ,0 0 0
$ 1 3 0 ,0 0 0
$ 2 ,8 0 0
$ 7 ,4 4 0
$ 3 ,0 0 0
Personnel
Com puter software consulting 
Consulting by SwRI 
Travel expenses 
Salaries
Technical support (hrs.) 60 $ 1 ,5 0 0
$1 5 0
$ 2 ,0 0 0
S 2.000
$ 1 3 ,5 0 0
$ 9 0 ,0 0 0
Test cell rental
Jan. 1995 - Aug. 1996 (days) 315 $ 5 0 0 $ 1 5 7 ,5 0 0
Consumables
Ultra low sulfur diesel fuel (gal.)
High sulfur engine lubricating oil (gal.) 
Photographs & transfer to electronic images 
Data storage - magnetic media
6 3 0 0
7 0 0
$4
$ 2 2
$ 2 5 ,2 0 0
$ 1 5 ,4 0 0
$ 2 0 0
$2 0 0
Specific tests
Development of testing techniques (days) 
Testing for 400 series group (days) 
Testing for 550/650 series group (days) 
Test of new production engines (days)
25  
25  
1 0 
1 5
$ 3 ,0 0 0
$ 3 ,0 0 0
$ 3 ,0 0 0
$ 3 ,0 0 0
$ 7 5 ,0 0 0
$ 7 5 ,0 0 0
$ 3 0 ,0 0 0
$ 4 5 ,0 0 0
Dissertation manuscript costs 
Photocopies 
Binding 
Postage 
Telephone 
Computer usage
$12 5
$ 3 0 0
$10 0
$ 1 5 0
$ 2 0 0
Total project costs
Less engine costs (donated)
$ 7 5 8 ,2 6 5  
(S 1 3 0 ,0 0 0 )
Actual pro ject costs $ 6 2 8 ,2 6 5
* All engines were donated from other tests and were not charged to this budget.
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DRAIN-AND-WEIGH OIL CONSUMPTION PROCEDURE
OIL FILL
Engine S/N: RG6081H007905 Break-In Oil Test Engine hrs: 2300 
Operator: Brian___________________ Date: 19-Mar-96
WEIGHT OF OIL AND FILL CAN Full (g) Empty (g)
4277.0 956.1
4349.0 950.1
4325.0 957.8
4310.0 947.1
4332.0 952.6
4343.0 952.5
4381.0 946.8
SPILLED OIL WIPED W/ SHOP RAGS Dirty (g) Clean (g)
275.3 273.8
WEIGHT OF OIL FILTER (g)
WEIGHT OF OIL ADDED DURING TEST
983.6
Engine hrs Weight (g)
2326 1087.0
2349 1387.9
2365 878.4
2386 700.9
2400 327.2
Notes:______
Remove used filter while pan is being drained, so the header will drain properly.
Drain the oil warm, after being shutdown for 20 min. then allow the oil to drain for 20 min. 
Be sure to record any oil added or removed during test.
If any oil leaks or drips are noticed, place a drain pan under engine during test.
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DRAIN-AND-WEIGH OIL CONSUMPTION PROCEDURE
OIL DRAIN
Engine S/N: 2EW03________________  Engine hrs: 2400
Operator: Mark__________________  Date: 24-Mar-96
WEIGHT OF DRAIN PANS Full (g) Empty (g)
13329.0 979.8
10818.0 1089.6
SPILLED OIL WIPED W/ SHOP RAGS Dirty (g) Clean (g)
153.2 135.4
WEIGHT OF OIL FILTER (g) 2093.4
WEIGHT OF OIL SAMPLES Engine hrs Weight (g)
WEIGHT OF OIL IN DRIP PANS Engine hrs Weight (g)
WEIGHT OF CARRY-OVER OIL (g) 280.0
Notes:______
Remove used filter while pan is being drained, so the header will drain properly.
Drain the oil warm, after being shutdown for 20 min. then allow the oil to drain for 20 min. 
Be sure to record any oil added or removed during test.
If any oil leaks or drips are noticed, place a drain pan under engine during test.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
95
DRAIN-AND-WEIGH OIL CONSUMPTION CALCULATIONS
Average Power (kW): I 200 |
Oil Added at Start of Test: | 23654.0
Spilled Oil: 1.5
Oil Filter: | 983.6
Oil Added During Test: | 4381.4
TOTAL OIL ADDS: I 29017.5
22077.6
17.8
Oil Removed in Drain Pans:
Spilled Oil:
Oil Filter: 1 2093.4
Oil Samples: I 0 0 ~  
Drip Pans:
Carrv-Over Oil:
0.0
280.0
TOTAL OIL REMOVED: I 24468.8
OIL USED (g): | 4548.7
OIL USED (g/h): I 45.5
OIL USED (g/kWh): I 0.227
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OIL CONSUMPTION DRAIN-AND-W EIGH TEST PROCEDURE
1. Oil Fill Procedure (record data on attached sheet)
a.) Run the engine until oil sum p tem perature reaches I15°C.
b.) As soon as the engine is stopped, drain the oil for exactly 20 minutes and 
remove the oil Filter. Turn crank to a known location.
d.) Weigh and install a new oil filter.
e.) Weigh a clean container that will be used to fill engine with oil.
f.) Fill container with oil and weigh it.
g.) Add the oil to the engine and weigh the em pty container
h.) Repeat the above procedure until the engine oil level reaches the full m ark 
on the dipstick.
2. Daily Oil Top Up During Test (No Auto Fill)
a.) Stop engine. Check oil level on the dipstick.
b.) Fill the oil can and weigh it.
c.) Fill crankcase to the full mark on the dipstick.
d.) Weigh the oil can and rem aining oil.
Note: M ake certain there is more than enough oil in the oil can to bring the oil 
level to the full mark.
3. Oil Leaks
a.) If a m inor leak occurs, weigh the shop towels before and after cleaning up 
the oil leak.
b.) If a m ajor loss o f  oil occurs the test must be stopped; the oil must be 
drained and the test restarted.
4. Oil Drain Procedure
a.) M easure the weight of the following items and record on the attached 
form:
• pan used for draining oil
• container for weighing oil
• clean shop towels for cleaning up spills
b.) Run the engine until it reaches norm al oil tem perature (I15°C).
c.) As soon as the engine is stopped, drain the oil for exactly 20 minutes and 
remove the oil filter. Turn crank to sam e location as in step lb.
d.) M easure the weight o f the oil filter.
e.) Weigh the drained oil as follows and record data on the attached form:
1 - weigh the container (em pty)
2 - pour oil into the container
3 - weigh the container w ith oil
4 - dump the dirty oil
5 - repeat the above procedure until all o f the oil is w eighed
6 - weigh the drain pan
7 - weigh any dirty towels used to clean up oil spills
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Appendix D: Repeated Drain-and-W eigh Tests
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STANDARD DEVIATION OF REPEATED D RA IN -A N D -W EIG H  TEST!
A B C D E
D&W  te s t 1 0 .3 0 6 0 .1 9 7 0 .2 8 0 0 .2 1 8 0 .2 5 2
D &W  tes t 2 0 -2 5 5 0 .2 1 1 0 .2 9 0 0 -2 4 0 0 .2 1 2
m ean 0 .281 0 .2 0 4 0 .2 8 5 0 .2 2 9 0 .2 3 2
S tdD ev. 0 .0 3 6 0 .0 1 0 0 .0 0 7 0 .0 1 6 0 .0 2 8
2 S tdD ev. 0 .0 7 2 0 .0 2 0 0 .0 1 4 0 .031 0 .0 5 7
%  dev ia tion 25 .7 % 9 .7% 5 .0 % 13.6% 2 4 .4 %
F G H I J
D &W  tes t 1 0 .6 5 8 0 .3 6 5 0 .91  1 0 .3 4 2 0 .7 3 0
D &W  tes t 2 0 .8 3 9 0 .3 2 2 1 .0 4 8 0 .2 7 7 0 .7 4 4
D &W  te s t 3 0 .8 7 5 - 0 .2 8 7
m ean 0 .8 5 7 0 .3 4 4 0 .9 8 0 0 .2 8 2 0 .7 3 7
S tdD ev. 0 .0 2 5 0 .0 3 0 0 .0 9 7 0 .0 0 7 0 .0 1 0
2 S tdD ev. 0 .051 0 .0 6 1 0 .1 9 4 0 .0 1 4 0 .0 2 0
% devia tion 5 .9% 17 .7% 1 9 .8 % 5.0% 2 .7 %
K L
D&W  tes t 1 0 .2 1 7 0 .8 5 4
D &W  tes t 2 0 .2 5 7 0 .7 9 9
D&W  te s t 3 0 .3 0 0 0 .4 3 6
D &W  te s t 4 0 -2 7 9 -
mean 0 .2 7 9 0 .8 2 7
S tdD ev. 0 .0 2 2 0 .0 3 9 Avg. S tdD ev o f all 12 tests  = 0 .0 2 7
2 S tdD ev. 0 .0 4 3 0 .0 7 8  Avg. 2S tdD ev of all 12 tes ts  = 0 .0 5 4
% dev ia tion 15.4% 9.4% Avg. %  dev of all 12 tests  = 12 .9%
M ethodo lo gy :
C a lcu la te  the m ean of the va lues.
C a lcu la te  the standard dev ia tion  o f the va lues.
D ouble  the  standard devia tion  of the va lues.
The %  dev ia tion  is ca lcu la ted by d iv id ing the two standard dev ia tions  by the  mean. 
The Avg. S tdD ev is the average o f all 12 standard devia tions.
The Avg. 2S tdD ev is the  average o f all 12 two standard devia tions.
The Avg. % is the average o f all 12 o f the % deviations.
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AN O U T LIN E O F RADIOACTIVE TRA CER CO N CERN S 
Radioactive hazards 
Contam ination
M ethods o f detecting contamination 
M ethods o f cleaning 
Health H azards 
Levels o f  radiation 
D etection o f health hazards 
Natural hazards 
Operation o f a radiolaboratory 
Personnel 
Supervision
Procurem ent o f radioactive materials 
Laboratory radiation rules 
Records
Construction o f a radiolaboratory
Room arrangem ent for safety 
Wall & floor construction 
Sinks &  drains 
Hoods fo r ventilation 
Shielding
T ransportation o f radioactive materials 
Counting room  
Working in a radiolaboratory 
Security
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M onitoring devices 
D econtam ination
(edited from Schw eitzer and W hitney’s book. Radioactive Tracer 
Techniques)
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Appendix F: Certificate o f Analysis for Ultra Low Sulfur D iesel
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Certificate of Analysis
PH ILLIPS C H E M IC A L C O M PA N Y
A  O M S tO tt  O F  PH ILLIP S  PETRO LEU M  COM PANY
SPECIALTY CHEMICALS 
P  O. BOX 968 
BORGER. TX 79006-0968
u A i b  u r  j f u m m r ;
0 4 - 1 6 - 9 6
CUSTOMER ORDER NO.
8 0 5 9 6 O P E
tNV./REQN. NO.
6 6 X 6 6 5
CONTAINER NO.
:  x  3 5 0  GALLON TANK
P a r t  N o . 4 6 X 5 9 2 0 0 1
ULTRA-LOW SULFUR DIESEL FUEL 
LOT W-173
TEST
S p e c i f i c  G r a v i t y ,  6 0 / 6 0  
A P I  G r a v i t y  
F l a s h  P o i n t - P M .  °F 
P o u r  P o i n t .  °F 
C l o u d  P o i n t  3F 
v i s c o s i t y ,  c s  40C  
S u l f u r ,  ppm
N e t  H e a t  o f  C o m b u s t i o n .  3 T U / l b  
P a r t i c u l a t e  M a t t e r  (m g /1 )  
C e t a n e  I n d e x  
C e t a n e  N u m b e r  
C a r b o n .  *rt%
H y d r o g e n ,  w t%
DISTILLATION. °P 
I3 P  
5%
10
15
20
30
40
50
60
70
80
90
95
SP
L o s s
R e s i d u e
HYDROCARBON TYPB_ VOL. S 
A r o m a t i c s  
O l e f i n s  
S a t u r a t e s
RESULTS
0 .8 3 0 4
3 8 .9
1 6 1  
- 5 
-6
2 . 4 6
0 . 5  
1 8 5 4 1  
4 .5  
5 0 .2  
4 3 . 5  
8 6 . 6 5  
13 . 3 5
3 6 6  
4 0 7  
4 2 5  
4 3 9  
4 4 8  
4 6 3  
4 74 
4 8 4  
4 9 3  
5 0 5  
5 2 1  
5 5 5  
6 0 4  
6 4 6  
0 .4  
1 . 0
SPECIFICATIONS 
R e p o r t  
4 0  MAX. 
R e p o r t  
R e p o r t  
R e p o r t  
R e p o r t  
5 M ax 
R e p o r t  
15  M ax . 
R e p o r t  
4 0  M in .  
R e p o r t  
R e p o r t
ASTM D -3 6
M E T H O D
ASTM O '  
ASTM D 
ASTM 3- 
ASTM 3 -
ASTM
ASTM
ASTM
ASTM
ASTM
ASTM
ASTM
4 0 5 2
1 2 9 8
9 3
2 5 0 0
2 5 0 0
4 4 5
4 0 4 5
3 3 3 8
2 2 7 6
9 7 6
6 1 3
ASTM 0 - 1 3 1 9
3 .0
7 4 .9
R e p o r t
S A A :ja m
0 4 / 1 6 / 1 9 9 6
RF4000
r o n M  M 29-N  OMM
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INDUSTRIAL TECHNOLOGY INTERNSHIP LOG
Completed by: Mr. Vedyn R. Benson
3874 Ranchero Road 
Cedar Falls. IA 50613
(319)988-3084
Dates Major Daily Activities Comments
Prior History The SO, test cell has been developed using 
engine 6076A -189265. the same engine used 
by SwRI to develop the SO, method of  
testing.
12/11/95 New Barometer To provide accurate barometric pressure, a 
highly accurate instrument was exchanged 
for the regulated voltage source.
12/11/95 SwRI. San Antonio, TX Maintained weekly telephone conversations 
with SO, instrument developer to help solve  
technical problems.
12/12/95 Spreadsheet planning To maintain data accuracy, data should be 
keyboarded only once during the analysis 
and charting process.
12/15/96 Antek computer OK Instrumentation problems finally solved and 
software multipliers corrected for data 
acquisition.
12/18/95 Data from 6081T-001794 Instrumentation problems finally solved and 
software multipliers corrected for data 
acquisition. This 8.1L field test engine is 
expected to consume excessive amounts o f  
oil. SO, tests are completed with excellent 
results confirming excess oil consumption 
and pinpointing the bad cylinders.
12/21/95 Consulted with programmer Best charting software for use is Excel. SO, 
instrument uses DOS computer, most 
engineers use MAC. Excel works across 
both platforms.
12/22/95 Need for DeltaGraph Excel can manipulate the data into the 
formats needed but does not do a good job  
of automating multiple charts, (negative: 
DeltaGraph is a new program for me to 
learn)
1/3/96 Data from 6081T-001795 Data collection begins on a second engine, 
identical to previous engine but expected to 
have minimal oil consumption.
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INDUSTRIAL TECHNOLOGY INTERNSHIP LOG
Com pleted by: Mr. Verlyn R. Benson
3874 Ranchero Road 
Cedar Falls. IA 50613
(319)988-3084
Dates Major Daily Activities Com ments
1/4/96 SO. charts help The charts help in determining accurate 
data: 1) stack oii consumption should be 
nearly equal to the sum o f the individual 
cylinders. 2) plotting repeated data sets will 
show test repeatability.
1/8/96 Meeting planned Plans are started to prepare SO. charts and 
data
1/10/96 Errors discovered As data was analyzed for the SO. meeting, it 
was discovered that possible errors existed 
in the SO. data. Meeting was scheduled as 
planned. i2 engineers invited.
1/11/96 Dyno cell schedule This is the third engine tested by the SO. 
method. Now a four-week schedule must be 
submitted to management that includes 
engine number(s), operator(s) and types of 
tests to be taken. Must be completed each 
Wednesday.
1/12/96 Test Lab Shop Orders A new procedure for shop work orders has 
been implemented. This will give engineers 
better feedback and provide more efficient 
scheduling.
1/13/96 Chan problems Charts that were developed from the 001794 
engine are not adequate for 001795 as some 
data points lie outside the chan borders. 
Chans must be re-scalable automatically by 
entering ONE scale number and all charts 
expand scale accordingly.
1/17/96 SO. meeting Nine engineers met and discussed their 
concern over SO. measurements and their 
need for accurate data immediately. Needs 
for additional chans showing cylinder by 
cylinder mapping was requested, also a chan 
showing the grams per kilowatt hour.
1/17/96 Drain & weigh test Engine 6081T-001795 will run an oil 
consumption test for 100 hours in 2E (drain 
& weigh) to compare the results to the 
recent unusually high SO. data taken.
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INDUSTRIAL TECHNOLOGY INTERNSHIP LOG
C om pleted by: Mr. Verlyn R. Benson
3874 Ranchero Road 
Cedar Falls. IA 50613
(319)988-3084
Dates Major Daily Activities Com m ents
1/22/96 Loss o f test cell operator Because o f  the questionable SO, obtained, 
and uncertainties about continued testing, 
test cell operator was reassigned to other 
area for the next week
1/23/96 Test cell operator back .Area manager reversed above order so that 
diagnostic work could began on finding why 
001795 engine data appears to be too high.
1/24/96 Drain & W eigh test results Drain & weigh, the current accepted 
standard for measuring oil consumption, has 
shown the SO. method to be in error by a 
factor of approximately 2.
1/24/96 Where IS the problem ? Continued telephone conversations with 
SwRI, and Antek. reveal no new clues. 
Exhaust gas elements are considered. Can 
the principle elements o f exhaust gases be 
duplicated using bottled gas'? What is a 
standard gas divider? Have Antek or SwRI 
used a gas divider for testing the SO, 
instrument? NO!
1/25/96 Experiments—gas divider Using the standard gas divider, it was found 
that NO (nitric oxide) cannot be tolerated— 
NO is found in diesel engine exhaust and 
must be changed to NO, The ozone 
generator is not working!!!!. Microswitch 
slid away from plunger so that ozone 
generator received no oxygen. Mounting of 
microswitch improved and LED light 
mounted, visible to operator to monitor 
ozone generator.
1/29/96 Reinstalling 6076A-189265 Since data is now mistrusted by the 
development engineers, the original 
reference engine is being reinstalled so that 
new data collected at PEC will correlate 
with data taken by SwRI and PEC's 2E 
drain & weigh measurements.
1/30/96 Chart work continues During periods o f  time when the test 
operator is not available or when an engine
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INDUSTRIAL TECHNOLOGY INTERNSHIP LOG
Completed by: Mr. Verlyn R. Benson
3874 Ranchero Road 
Cedar Falls, IA 50613
(319) 988-3084
Dates Major Daily Activities Comments
is being removed or installed, work on the 
master Excel template continues, the 
physical size o f the template is larger than 9 
square feet.
1/31/96 DeltaGraph problem DeltaGraph will not update contour charts 
automatically. Telephone conversations 
indicated a new version (3.5.3) will correct 
problem-free copy sent.
2/1/96 Injection pump After running engine, fuel in beaker turned 
dark, indicating the introduction o f engine 
oil into the fuel system-erroneous SO, data 
will result. Fuel pump and transfer pump 
exchanged for Bosch pump.
2/15/96 SO, tests complete for 9265 Completed the re-testing o f reference 
engine. There is good repeatability, and 
acceptable amounts o f deviation (stack to 
total cylinders). Test results also correlate 
will with the results obtained by SwRI. 
Engine will now be removed and sent to 2E 
for drain and weigh testing.
2/16/96 New style 8.1L engine Installation o f REX6081H-07924 engine 
requires extensive changes. Exhaust & 
turbo are located at the end o f the engine, 
pan is much deeper, requires intercooler. 
Work also continues on charts.
3/4/96 Final charts completed The final charts have finally been 
developed. Color has been chosen to make 
charts more readable. A total o f more that 
230 charts have been developed in such a 
way that data, including chart titles is never 
entered a second time-data is handled only 
once.
3/6/96 Drain & Weigh results 9265 2E tests show excellent correlation with SO, 
tests—2E shows 0.208 gr/kWH, SO, tests 
shows 0.213 gr/kWH.
3/12/96 Begin REX6081H-07927 This is the fourth engine o f the 8.1L series 
tested. After SO, tests are completed.
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INDUSTRIAL TECHNOLOGY INTERNSHIP LOG
C om pleted  by: Mr. Verlyn R. Benson
3874 Ranchero Road 
Cedar Falls. IA 50613
(319) 988-3084
Dates M ajor Daily Activities C om m ents
engine will also be tested at 2E to confirm  
test results.
3/13/96 New secondary spike During the final test points o f the prior 
engine, it became increasingly difficult to 
obtain baseline zero. N ow  as tests began 
with new engine, a secondary spike occurs 
approximately after the calibration span.
3/14/96 Is the SO . analyzer at fault? The Antek SO. analyzer was thoroughly 
checked and calibrated—no problem found.
3/15/96 Bad bottled nitrogen After a conference call to Antek technicians, 
it was suspected that excess moisture 
(possibly from bottled nitrogen) combines 
with the sulfur to form sulfuric acid, later 
releasing to form the secondary spike and a 
slow decay to the zero baseline. The bottled 
nitrogen was changed to bottled air—no 
spike. Nitrogen bottled by another company 
was used—no spike. Original bottle of  
nitrogen was used—spike. Tests were 
conducted numerous times to confirm that 
certain batches o f  nitrogen gas were 
contaminated.
3/18/96 R E X 6081H -07924 & 2E start Drain & weigh tests were started in 2E and 
should be completed by 3/22. Full SO, 
testing begins on REX6081H -07927.
3/19/96 Transducer failure After a successful test day yesterday, sample 
line pressure reading was too high and 
changes in the sample line pressure could 
not change readout. Technicians confirmed 
bad transducer.
3/20/96 Bottled Gas Company Tests On 3/15/96 eight bottles o f  nitrogen were 
rejected as having too much H,0. Company 
tests have confirmed that all rejected bottles 
are in excess o f  the c lp p m  certified 
specification, ranging from 2ppm to 700ppm 
H,0.
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INDU STRIA L TECHNOLOGY INTERNSHIP LOG
C o m p le ted  by: Mr. Verlyn R. Benson
3874 Ranchero Road 
Cedar Falls. IA 50613
(319)988-3084
Dates M ajor D a ily  A ctiv ities C om m ents
4/1/96 No operator No test cell operator was available. 
Reviewed modifications made to sample 
line during my week of absense. Reviewed 
data collected.
4/2/96 Broken sample line During data collection, it was discovered 
that the stainless steel sample line manifold 
had broken in three places due to engine 
vibration. This same sample line has been in 
use on all previous engines.
4/3/96 Oven inoperative The early warmup could not be completed 
due to an inoperative oven (furnace #1). 
Problem was traced to a bad fuse.
4/4/96 Bad Nitrogen A secondary spike was detected indicating 
excessive moisture in the nitrogen. "Clean­
out” gas was change from nitrogen to dry 
bottled air.
4/15/96 Data complete from 07927 Data from REX6081H-07927 was analyzed 
and charts printed.
4/16/96 Illustration chans A method for creating illustrartion charts 
from the strip chart recorder was developed. 
The HP scanner was used to scan images 
and the PICT file was auto-traced by Adobe 
Illustrator.
4/19/96 Bill Mitchell See document about oil consumption 
conversation
4/22/96 Dick Norton See document about oil consumption 
conversation
5/1/96 Mary Tull Meet with Mary Tull about the possibility of 
obtaining production engines.
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SUMMARY REPORT OF THE INTERNSHIP
The purpose o f my 300 hour internship was to give me an exposure to industrial 
engineering at the Product Engineering Center o f Deere & Company. Waterloo. Iowa. I 
was given the task o f collecting sulfur-trace test data and developing a data recording 
method that could assist engineers in analyzing test results. To properly complete this task. 
I needed to develop proficiencies in the following areas: (a) be able to operate the sulfur- 
trace instrument and perform  diagnostic tests and calibration, (b) be able to design a 
computer spreadsheet, and  (c) be able to create computer charts.
The sulfur-trace test is a method of analyzing the quantity of sulfur in the diesel 
exhaust for the purpose o f  determining oil consumption. The sulfur-trace instrument 
consists of four major components: (a) Antek analyzer, a complex instrument about the 
size of a large domestic refrigerator, which is located near the engine, (b) Antek 
microprocessor, an electrical device about the size of a microwave, (c) stripchart recorder, 
and (d) personal com puter and printer. The Antek analyzer is located inside the test cell, 
next to the engine. The other components are located on the opposite side of a sound- 
deadening window, inside the console room. Exhaust gases are drawn from the engine, 
through the exhaust stack, or exhaust manifold probes, to the Antek analyzer. Inside the 
analyzer, exhaust gasses are passed through two pyrolysus ovens to convert all the sulfur 
to sulfur dioxide. The upper compartment o f the analyzer contains a photomultiplier tube 
that has been designed to count only sulfur molecules. The resultant electrical signal is 
connected to the Antek microprocessor, which modifies the signal intensity and the zero 
baseline. The conditioned signal is connected to both the stripchart recorder and the 
computer. The stripchart records levels of oil consumption and engine revolutions per 
minute (RPM). The com puter displays and records test results and engine data. A total of 
fifty-nine values can be printed for each engine operating condition.
During the past few months, engines have been tested at 16 unique operating 
conditions. At each operating condition, data is also collected for each individual cylinder.
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and from the exhaust stack. This am ounts to 6,608 data values for each engine. Since 
these tests are conducted for the purpose o f analyzing oil consumption, it is im portant that 
selected data values are extracted and interpreted in an efficient manner.
The Microsoft Excel1* spreadsheet was chosen as the com puter software program tc 
process the selected data. To increase efficiency and to reduce data handling errors, each 
value or label was entered into the spreadsheet only once. Additional areas o f the 
spreadsheet calculated the data and placed the values in a usable format for charting. Chart 
were created within Excel® to display im portant data immediately. For multiple charts, 
DeltaGraph® was used to display up to 15 charts on a single page. A total of 338 charts 
were created using the two software programs.
After the initial com puter software had been developed, the usefulness o f  these 
charts was immediately apparent. Using the charts to analyze the data, it becam e much 
easier to distinguish good data from bad, and to make many data com parisons. During one 
test, it was noted that there were apparent errors in the data collected. Further testing 
revealed that the errors were caused by the ozone generator. On another occasion, errors 
were traced to contaminated nitrogen, a  gas used by the Antek analyzer.
In summary, I learned far more during this internship than I had expected. I 
experienced real analyzer problems that required special diagnostic procedures. Even 
though I had a good knowledge of the program  Excel®, my com puter skills were refined as 
I developed complex formulas. I learned two new computer software program s: 
DeltaGraph® and PowerPoint®. These new ly developed skills have not only benefited my 
work, but will be useful to me in mv career as a collese Drofessor.
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A ppendix 1: Spreadsheet Instructions
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SPREA D SH EET IN STRU CTIO N S 
All SO, data can be entered into the Excel® spreadsheet called M aster SO, 
Template (or the latest SO, Tem plate . . .) using the Macintosh® or DOS computer. Once 
the master file has been opened, save the file by a different nam e— under the FILE menu, 
choose SAVE AS and include the new engine num ber in the file nam e. At the bottom of 
the spreadsheet window, the engine num ber must be entered as the nam e o f the principle 
tab. You may double click on the tab and get a dialog box w hich will allow the name to 
be changed. Do not change the num bered tabs 1-30 as they are all potential charts to 
show data repeatability according to the Engine Prep guide.
Enter basic data at cells A91. E94, L94, C96, D96, G 96, and H96. The 
spreadsheet should rem ain protected at all times and you should only be able to edit or 
enter data into cells that are colored light yellow. Starting at row 100, Columns A. C, and 
D need to reflect the Test#, RPM . and Loads to be tested. Use the colored Engine Prep 
guide to enter numbers.
Keeping colum ns A -D  still visible, adjust the split screen so that columns N-U are 
also visible. Scroll until row s 99-105 are visible. The first actual SO, data will be 
entered at 0 100. A djustm ents to the zero baseline and span can be entered in columns W, 
X, and Y.
There are tw o guides that can be used to know if you have collected accurate data: 
First, the Raw D eviation in column N (Raw Dev.) w ill indicate how closely (in 
percent) the sum  of the individual cylinders equals the engine stack measurement. This 
deviation should be less than 10 but in any case, never greater than 15. If corrections to 
the zero baseline or span are entered (columns W, X, or Y), the corrected deviation is 
shown in column M (%Dev.). A high deviation num ber suggests invalid test results.
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Second, using the tabs at the bottom of the page, click on the tab num ber 
according to the Engine Prep guide that you w ant to see. This will produce a 
repeatability chart o f the data for that specific test point. All test runs for that point 
should closely match. If specific points vary greatly, tests must be repeated and an 
explanation developed for the difference(s).
Save entered data frequently by PRESS S. Before saving data for the final 
time, be sure that the entire spreadsheet has been calculated manually. D ata calculations 
have been set to the manual mode so that data can be entered quicker, w ithout calculation 
delays.
PRESS =, then save the spreadsheet. PRESS 3€ S.
Transferring Data from TEM PLATE to DeltaGraph® CHARTS
O nce the template has been copied to a com puter that has both DeltaGraph* 3.5.3 
and Excel® 4.0, open the Excel® spreadsheet and locate the left com er o f the menu bar. 
and place the cursor in the white rectangle under the displayed font. This is the cell 
identification box. TYPE the cell area A1:BA337. Now PRESS C to copy the cell 
area to the clipboard.
O nce the SO , Template . . .  file has been copied, CLICK the C LO SE BOX to 
close file. You will be asked if you want to copy the spreadsheet to the clipboard.
Choose YES. This will take over three m inutes to copy and the w ristw atch will not move 
part of the time. D on’t worry, the com puter has not crashed.
Now that the file has been closed and you can click on the desktop, O PEN  the file 
called M aster SO , Charts . . . ,  or the latest SO , Charts file. Renam e the file by choosing 
SAVE AS and give the file a new engine number. Now that you are in the DeltaGraph® 
spreadsheet, select the entire spreadsheet. PRESS A. Under the ED IT M EN U , choose
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CLEAR. This will clear all data. You will be warned that a chart m ay be using this data, 
but, YES, clear the data anyw ay— you will replace the data w ith new. O nce the 
spreadsheet has been cleared, PRESS P to paste the new data  from  the clipboard.
Once again, it will take tim e to paste the data from the clipboard into DeltaGraph'®’.
W hen the new data  is in place, PRESS =. to recalculate the data. In the lower 
left of the screen, a chart sym bol will move indicating the updating o f charts. If the chart 
symbol stops m oving but the *‘w ristw atch” keeps m oving, the program  has crashed and 
the com puter must be rebooted. There are 158 charts to update so this will take several 
minutes. PRESS S w hen charts are updated.
C reating the Engine to Engine Com parison C h an s
Choose up to 5 engines to com pare. Open their appropriate Excel® spreadsheet 
and select the area A 1:K 97. Using the same technique as above, copy PRESS 3€ C this 
area and OPEN the EtoE Tem plate or latest EtoE Tem plate. Be sure to SAVE AS a new 
name or engine num bers. Paste this first engine data into the cell A1 o f the Excel® 
spreadsheet EtoE Tem plate by holding down the SHIFT key w hile pasting. PRESS 
SHIFT P. You m ust do this a second time. PRESS SHIFT P. This gives you the 
chance to paste only the values into the spreadsheet. Choose VALUE. G o back to the 
Excel® engine spreadsheets and copy the second engine data and  paste it into cell A 101. 
Continue this m ethod for all engines.
Engine 1 C ell A 1
Engine 2 C e llA lO l
Engine 3 C ellA 201
Engine 4 Cell A301
Engine 5 C ell A401
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M ake sure that each time data is pasted into the Excel® EtoE spreadsheet, that the 
shift key is held down so that you can select VALUES only.
W hen data from all engines to be com pared have been copied to the Excel® 
spreadsheet EtoE Tem plate (copying values only), save the EtoE Template. PRESS §6 S.
Select the area A1:T272 and copy it. PRESS C. You may now CLICK  the 
CLO SE BOX and choose YES to copy area to the clipboard. OPEN the file M ASTER 
EtoE Charts o r the latest copy o f EtoE Charts. SAVE AS a new name.
Now that you are in the DeltaGraph® spreadsheet, select the entire spreadsheet. 
PRESS A. U nder the EDIT MENU, choose C LEA R . This will clear all data. You 
will be w arned that a chart may be using this data, but. YES. clear the data anyway— you 
will replace the data with new. Once the spreadsheet has been cleared, PRESS P to 
paste the new data from the clipboard. There are 150 charts to update so this will take 
several minutes. PRESS 3€ S when charts are updated.
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FUEL-TO-OIL RATIO 
The fuel-to-oil ratio m ethod of approxim ating oil consum ption is typically 
calculated for engines that are operating in tractors at test sites. A detailed log lists the 
quantity o f fuel and oil added during a recorded num ber o f hours (see Sample Log of 
Fuel-to-Oil Ratio DATA). The average brake specific fuel consum ption (BSFC) 
typically produced by the engine during lab tests at full-load rated speed is multiplied by 
the inverse o f the total fuel/oil ratio. According to the sam ple log, oil consumption can be 
estimated by the follow ing form ula, if typical BSFC is 220 g/kW h:
(1/1000 (oil/fuei))(220 g fuel/kW h) =  0 .220 g oil/kW h.
During the testing tim e recorded on the log, the engine has typically operated 
under various speeds and loads. There may also be periods o f  idle time with minimum 
load, thus the typical BSFC illustrated is only an approxim ation. Thus, this also makes 
the oil consum ption o f the engine an approximation too.
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SAMPLE LOG OF FUEL-TO-OIL RATIO DATA
Tractor:
Engine: RG608111-006157 
Test Site: Arkansas
Oil Type: JD 15 W 40 ('0+50  
Oil Change Interval: 350 Hours 
Hour Goal: 1500 Hours
Interval Totals
Engine Oil Fuel Fuel/ 1 lours/ l.iters(l'uel)/ Oil Fuel Fuel/ Hours/ l.ilers(fuel)/
Hours Added Added Oil l.iler(oil) 1 lour Added Added Oil l.iter(oil) Hour
93 3.79 2180 575 24.54 23.45 3.79 2180 575 24.54 1.12
456 7.57 11890 1571 47.95 32.75 11.36 14070 1238 40.14 2.42
834 11.36 15278 1345 33.29 40.42 22.72 29348 1292 36.71 2.52
1172 15.14 11867 784 22.32 35.11 37.86 41216 1089 30.96 2.13
1525 7.57 10921 1443 46.63 30.94 45.43 52136 1148 33.57 2.24
1893 11.36 10031 883 32.41 27.26 56.79 62168 1095 33.34 2.14
2249 3.79 9558 2525 94.05 26.85 60.57 71726 1184 37.13 2.31
2613 11.36 10804 951 32.05 29.68 71.93 82530 1147 36.33 2.24
2991 7.57 11655 1540 49.93 30.83 79.50 94185 1185 37.62 2.31
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Verlyn R. Benson
Bom:
Education:
Em ploym ent Dates: 
1988-Present
1981-1986
1976-1981
1975
1968-1974 
O ther Q ualifications:
VITA
77 Hillcrest Drive, Angwin, CA 94508 
Telephone (707) 965-0472
June 12, 1953, D eer Park, California.
DIT—July 1998, University o f Northern Iowa.
M A—December 1987. C alifornia Polytechnic University 
(Technology Education).
BS—June 1976, Pacific Union College (Technology 
Education).
Assistant Professor, D epartm ent o f Technology, Pacific 
Union College, Angwin, California. Currently instructs 
Hydraulics& Pneumatics, W oodworking, Plastics.
Graphics. Building Construction, and other upper division 
courses.
Overseas service at Cochabam ba, Bolivia. During this time 
period, served as D irector o f Technical School (the only 
private school to obtain full governm ent recognition and 
accreditation), part tim e college business manager, 
construction engineer (directed the construction of 
industrial com plex for bakery and print shop), and educator 
at Centro Educativo A dventista de Bolivia.
High school Technology Education Instructor at Platte 
Valley Academy, Shelton, N ebraska.
Cabinet maker for Pacific Union College (student 
employee).
Apprentice cabinet maker, Jackson’s Cabinet Shop, St. 
Helena, California.
Bilingual (taught in Spanish for six years while in South 
America). Currently a licensed California State Contractor 
(C-57) for w ater well drilling and ow n private company, 
AquaTech Drilling. Possesses all California State Driving 
Class licenses including Bus, Tanker and Hazardous 
Materials certificates.
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Hobbies:
Com m unity Service:
Family:
A m ateur radio 
Family outdoor sports 
Flying
Scuba diving
Local church elder and youth leader 
Youth club instructor
Wife, Anita Estelle (Schlund) Benson 
Daughter, G enaida Irene Benson, age 15 
Son. Sedric Royal Benson, age 12
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